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ABSTRACT 
The European corn borer is a significant pest of maize in temperate regions. Resistance to 
stalk tunneling damage from the second-generation larvae appears to be quantitatively 
inherited, and may be related to cell wall components (CWCs) in the leaf sheath and stalk. In 
order to identify quantitative trait loci (QTL) that affect resistance to stalk tunneling and 
clarify their association with QTL affecting cell wall components in the leaf sheath and stalk, 
two populations of B73 (susceptible to tunneling by ECB, low to intermediate concentrations 
of CWCs) x De811 (resistant, high CWCs) were developed, one consisting of 147 F3 lines 
and the other of 191 recombinant inbred lines (RILs). Both populations were artificially 
infested with ECB larvae at pollen shed, and stalks were split at 60 days aftev infestation and 
the amount of tunneling was recorded. These populations were also analyzed for 
concentrations of neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid 
detergent lignin (ADL) in the leaf sheaths and stalks. The samples were scanned using near 
infrared spectroscopy and prediction equations were developed using data collected from a 
subset of samples analyzed using the van Soest detergent method. Composite interval 
mapping (CIM) was used to detect QTL for each trait, and the relationships between the QTL 
detected for the same traits in different generations and among different traits in the same 
generation were examined. Seven and fourteen QTL for stalk tunneling were observed in the 
mean environments for the F3 and RI lines of B73 x De811, four and twelve of which, 
respectively, are linked to QTL for CWCs. The previously reported genetic correlations for 
ECB stalk tunneling with CWCs in the F3 lines (r,= -0.11 to -0.33) indicate that a genetic 
association may exist between the two traits. However, the genetic correlations for the RIL 
were -0.03 to 0.08, raising the possibility that the correlations observed in the F3 lines were 
vii 
either due to environmental factors or the result of linkage disequilibrium. Factors other than 
concentrations of CWCs appear to be associated with the expression of resistance to stalk 
tunneling in this population. 
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CHAPTER Ï. GENERAL INTRODUCTION 
Introduction 
Infestations of the European com borer (ECB), Ostrinia nubilalis (Hubner), are a major 
concern for growers of maize (Zea mays L.) in temperate regions. Overall, yield losses and 
control expenditures associated with ECB cost farmers in the United States alone more than 
one billion dollars annually and aspects of loss in grain yield due to ECB stalk tunneling are 
well documented (Pesho et al., 1965; Scott et al., 1967; Lynch et al., 1980; Klenke et al., 
1986b; Mason et al., 1996). Current efforts to incorporate a gene foi the Bt protein (naturally 
produced by Bacillus thurigensis) have provided farmers with maize hybrids that are highly 
resistant to ECB, but the durability of this resistance is unknown. It is likely that exposing 
ECB to a host that significantly decreases its' relative fitness will result in changes in the 
borer population that will allow it to overcome the effects of the Bt protein (Gould, 1986). 
Therefore, we must continue the search for alternative sources of resistance. 
Native resistance to stalk tunneling by ECB is largely absent in elite germplasm used in 
US commercial breeding programs (Guthrie, 1989). The genetics of resistance to stalk 
tunneling have remained unclear due to complex inheritance, environmental variation, and 
inability to consistently screen for resistance. The locations of regions in the genome 
containing quantitative trait loci (QTL) affecting resistance to stalk tunneling have been 
reported (Onukogu et al., 1978; Schôn et al., 1993; Jampantong et al., 2002; Bohn et al., 
2000; Cardinal et al., 2001), but the locations of QTL are not consistent across the studies 
and are strongly influenced by the environment. 
Resistance to stalk tunneling may be correlated with cell wall components (CWCs), as 
the nutritional value of the stalk could affect feeding by ECB (Rojanaridpiched et al., 1984; 
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Coors, 1987). Increased levels of neutral detergent fiber (NDF), acid detergent fiber (ADF), 
acid detergent lignin (ADL), and silica were observed in the BS9 population, which was 
under selection for resistance to both generations of ECB. However, the WFISIHI and 
WFISILO populations, selected for high and low fiber, respectively, differed significantly for 
fiber but not for resistance to ECB stalk tunneling (Buendgen et al., 1990). Low but 
significant correlations between stalk tunneling and CWCs have also been reported for F3 
lines of B73 x De811 and RILs of B73 x B52. The association between CWCs and resistance 
to stalk tunneling appears to be population dependent 
The genetics of CWCs in maize are not well understood, likely due to the traditional 
approach of selecting forage varieties based on grain yield (Hunter, 1978). Few studies of 
quantitative trait loci (QTL) associated with CWCs have been reported, and the results vary 
greatly across studies (Lûbberstedt et al., 1997; Cardinal, 1999; Méchin et al., 2001). Some 
candidate genes for enzymes involved in the cell wall biosynthetic pathways have been 
mapped in the maize genome, but they represent only a small fraction of the genes involved 
in cell wall biosynthesis. Increased knowledge of the genetic basis of CWCs could be useful 
for improving maize for silage and may clarify the relationship with resistance to stalk 
tunneling. 
The objectives of this study were to assess genetic and environmental components of and 
map genetic factors for resistance to ECB stalk tunneling and NDF, ADF, and lignin in F3 
and recombinant inbred lines of B73 x De811 and to compare the locations of the genetic 
factors between the F3 and RI lines aud with other populations. 
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Dissertation organization 
This dissertation includes five manuscripts, with the first having been submitted to Crop 
Science, the second tc be submitted to Maydica, and the third, fourth and fifth to be 
submitted to Crop Science. The first and third manuscripts report on QTL for resistance to 
stalk tunneling by the European com borer in F3 and recombinant inbred lines of maize, and 
the second and fourth on QTL for NDF, ADF and ADL in the leaf sheath and stalks for F3 
and recombinant inbred lines of maize. The fifth paper compares QTL for stalk tunneling and 
NDF, ADF and ADL and discusses the implications. Each manuscript has an introduction, a 
section of materials and methods, and either a section of results followed by a discussion 
section, or a combined section of results and discussion. References are cited separately for 
each manuscript and the general introduction section at the end of each chapter. 
Literature review 
The European corn borer 
The European corn borer (ECB) was first observed in the United States in Boston, MA in 
1917, and was probably brought into the country in broomcom from Hungary and Italy. By 
1921 it had been found in areas bordering Lake Erie, and by 1938 it had spread to the 
Wisconsin shore of Lake Michigan. The earliest U.S. populations of ECB had only one 
generation per year, but by the late 1930 s a two generation-per-year population appeared in 
the eastern and north central states. This new population spread rapidly throughout the U.S. 
Corn Belt and by 1942 had reached Iowa (Mason et al., 199 î). 
Life cycle of ECB 
There are normally two generations (or broods) of ECB in Iowa per year, and each 
generation has four stages of development: egg, larva, pupa, and adult (moth). The larval 
4 
stage consists of five instars. During the fifth instar, larvae either pupate and become adults 
or enter diapause, a type of hibernation that will carry them through the winter. The larvae 
overwinter in com stalks, cobs, weed stems, or plant debris and in the spring the cycle begins 
with the emergence of the adult moths when the ambient temperature exceeds 50°F, the 
threshold for physiological growth. The adults mate and the females lay eggs on corn plants, 
mostly on the abaxial side of newly emerged leaves (Mason et al., 1996). Earlier planted or 
taller corn is most attractive to the moths (Dicke, 1954). The eggs will hatch in 3-7 days, 
depending on the temperature and other weather conditions, and the newly emerged larvae 
will move into the whorl to feed on the mesophyll of leaves. Feeding by the first instar of the 
first generation corn borer larvae results in pinholes in the leaves. Feeding by the second 
instar, which also occurs in the whorl, results in 'shot holes' in the leaves. The third and 
subsequent instars leave the whorl and move down the side of stalk to bore into the stalk 
where they feed and develop through the fifth instar and then pupate (Mason et al., 1996). 
The second generation begins with the emergence and mating of the moths. The females 
deposit eggs predominately on the abaxial sides of the leaves of succulent, recently tasseled 
corn and greater than 90% of the eggs are laid on the three leaves above and below the ear, 
the ear leaf itself, and the ear husk. The eggs hatch in 3-5 days, and the majority of the larvae 
move to the leaf axils and feed on pollen or sheath and collar tissue (Mason et al., 1996; 
Pesho et al., 1965; Guthrie et al., 1970). Second generation larvae can establish on corn 
plants lacking pollen, but more survive when pollen is available (Guthrie et al., 1969). Third-
instar larvae will start to bore into the leaf midrib, and a majority of the fourth- and fifth-
instar larvae will bore into the stalk, with others continuing to feed within the ear, sheath, and 
collar. The second-generation ECB bore into the stalk at a later instar than the first-
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generation larvae (fourth-instar and third-instar, respectively) due to increased toughness of 
the mature corn stalk (Mason et al., 1996). 
Damage from ECB feeding 
Feeding by the European corn borer larvae can result in a significant reduction in grain 
yield (Pesho et al., 1965; Scott et al., 1967; Lynch et al., 1980; Klenke et al., 1986b; Mason 
et al., 1996). Stalk tunneling during the vegetative stages of plant growth will result in shorter 
plants with fewer and smaller leaves. Tunneling reduces the numbers of vascular bundles 
during the vegetative stages, and movement of water, photosynthate, and nutrients is 
restricted over the entire grain filling period. As the plant approaches physiological maturity, 
the impact of stalks tunneling declines (Mason et a. , >>96). 
The damage from stalk tunneling by ECB results in both physiological reduction, caused 
by decreases in plant productivity, and harvest loss caused by weakening of the sta'k and 
shank (Klenke et al., 1986b). Damage to the com plant from stalk tunneling can cause a 
substantial reduction in grain yield. The developmental stage of the plant at the time of 
infestation is important, with earlier infestations resulting in greater physiological losses and 
later infestations resulting less physiological loss but in greater numbers of dropped ears. The 
primary cause of yield loss for all stages, however, is physiological loss (Scott et al., 1967; 
Lynch, 1980; Jarvis et al., 1983). 
Resistance to ECB 
Resistance to leaf feeding by the first-generation European com borer has been easy to 
find, but the frequency of genes in maize for resistance to sheath collar feeding by the 
second-generation borers is low (Guthrie, 1989). There is little to no correlation between 
resistance to leaf feeding (also known as first-generation ECB) and stalk tunneling (second-
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generation ECB) by ECB, although some maize inbreds express resistance to both (Pesho et 
al., 1965; Russell et al., 1974; Guthrie et al., 1970; Klenke et al., 1986a; Coors, 1987). The 
chemical 2,4-dihidroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) is associated with 
resistance to leaf feeding by ECB and might explain the intermediate resistance to stalk 
tunneling in certain inbreds, but the resistance to stalk tunneling in others is due to different 
factors (Klun and Robinson, 1969). 
The genetic basis of resistance to stalk tunneling is not well understood. Studies using a 
variety of mating designs (e.g., diallel and North Carolina design HI) have reported that both 
additive and dominance types of genetic variation are significant for resistance to stalk 
tunneling (Scott et al., 1967; Jennings et al., 1974; Sadehdel-Moghaddam et al., 1983; 
Guthrie et al., 1985; Guthrie et al., 1989). Chromosome interchanges were used to determine 
the location of some genes for resistance to stalk tunneling on chromosome arms 1S (short 
arm of chromosome 1), 1L (long aim of chromosome 1), 2L, 3S, 4L, 5S, and 8L in B52 
(Onukogu et al., 1978). More recent studies using DNA markers reported QTL for resistance 
to tunneling on chromosome arms IS, 1L, 2S, 2L, 3L, 7L, and 10L and 2L, 3S, 5L, 7S, 8L, 
9S, and 9L in F3 and recombinant inbred (RI) lines of B52 x B73, and 2S, 5L, 6S, 6L, 8L and 
9S in F3 lines of B73 x Mo47 (Schôn et al., 1993; Jampatong, 1999; Cardinal et al., 2001). 
Both additive and dominant types of gene action were found to be important The differences 
in QTL locations between the studies may have resulted from population sampling and the 
environments used to evaluate ECB tunneling as well as genetic heterogeneity among the 
resistant inbreds. 
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Relationship between the ECB and cell wall components 
Elevated levels of fiber, lignin, and silica have been positively correlated with resistance 
to stalk tunneling by ECB (Rojanaridpiched et al., 1984; Coors, 1987). The environment in 
which the plants are grown appears to have an impact on the levels of the different cell wall 
components, and therefore the degree of resistance. In an environment with high silica levels 
in the soil, silica and neutral detergent fiber (NDF) in the leaf sheath accounted for 71% of 
the variation for stalk tunneling, with 60% of the total variability attributable to silica alone. 
NDF and lignin accounted for 71% of the variation at a location with low soil silica levels 
and stalk tunneling was consistently higher at the low silica location compared with the high 
silica location (Coors, 1987). An extension of the study was conducted by growing two 
resistant genotypes and two susceptible genotypes in a greenhouse and supplementing soil 
silica levels with a sodium silicate solution. Leaf tissue harvested from these plants and 
controls with no supplemental soil silica were fed to fourth instar borer larvae. The amount of 
tissue consumed after 24 hours and mandibular wear after 48 hours was measured. Plant 
silica levels increased in the treated plants, and average feeding amount decreased, but the 
maize genotype with the highest level of silica in the leaf blade also had the most tissue 
consumed. NDF and acid detergent fiber (ADF) levels were most highly correlated with 
consumption (Coors, 1988). In a related study, increased silica levels were associated with 
decreased digestibility but increased consumption rates for the southern armyworm, 
Spodoptera eridania (Cramer; Peterson et al., 1998). The role of silica in resistance is 
therefore likely to be secondary to other factors in reducing stalk tunneling. 
Varying degrees of correlation between cell wall components (CWCs) and stalk tunneling 
have been observed in different populations. The BS9(CB) population was developed for use 
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in a recurrent selection program for resistance to both generations of ECB and four cycles of 
Si recurrent selection in resulted in significantly lower feeding damage from both generations 
of ECB, but grain yield had also decreased, resulting in no yield advantage for the more 
resistant material under high infestation levels (Klenke et al., 1986a; Klenke et al., 1986c; 
Buendgen et al., 1990). Highly significant linear responses were observed for leaf sheath 
NDF, ADF, cellulose, and lignin over cycles of selection in BS9 in all environments, 
indicating a possible genetic association of these constituents with stalk tunneling (Buendgen 
et al., 1990). In order to examine the relationship between stalk tunneling and CWCs, 
divergent selection for indigestible leaf sheath constituents was used to create two 
populations, WrISIHI (high fiber concentrations) and WFISILO (low fiber concentrations). 
While the populations differed significantly for NDF, ADF, cellulose, lignin, and ash, 
WFISIHI was as susceptible to stalk tunneling as WFISILO (Buendgen et al., 1990). B73 x 
De811 F3 lines were also analyzed and correlations between CWCs and stalk tunneling were 
significant and negative, and heritabilities for all CWCs (H2 > 70%) were within the range of 
stalk tunneling (74%; Beeghly et al., 1997). In an attempt to further clarify the association 
between CWCs and stalk tunneling in these populations, selection for high and low 
concentrations of CWCs was performed in BS9(CB) cycle z (BS9(CB) C2) to produce 
BS9(CB) C2-Lo and BS9(CB) C2-Hi, respectively, which differed significantly for NDF and 
lignin in the leaf sheaths and stalks. BS9(CB) C2-Lo and BS9(CB) C2-Hi had higher and 
lower leaf sheath and stalk tunneling damage than BS9(CB) C2 (Ostrander et al., 1997). 
Also, selection for low and high CWCs in WFISILO and WFISIHI, respectively, was used to 
produce WFISILO CO, CI and C2 and WFISIHI CO, CI and C2. Selection in WFISILO for 
reduced CWCs resulted in significantly greater leaf sheath and stalk tunneling damage, but 
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selection in WFISIHI for increased CWCs did not alter ECB damage. These results suggest 
that selection for low CWCs may increase susceptibility to second-generation ECB and, 
conversely, selection for ECB resistance may adversely affect the nutritional value of maize 
harvested as silage (Ostrander et al., 1997). 
Maize for forage 
Maize, as whole plant forage for silage, accounts for 8% of the maize production in the 
U.S., but little effort has been devoted to developing maize specifically for forage (United 
States Department of Agriculture, 1999; Lundvall et al., 1994). Maize hybrids for silage 
production are generally chosen based on their grain yield, but stover contains 50% or more 
of the whole plant biomass and most of the fiber, which has lower digestibility than grain 
(Johnson et al., 1985; Dhillon et al., 1990; Wolf et al., 1993). The consideration of forage 
traits as well as grain yield may be more reliable for improving the quality of forage maize 
(Hunter, 1978). 
Fiber is an analytical product having nutritive characteristics that describe those forage 
components that have low solubility in specific solvent systems and are relatively less 
digestible than starch (Jung and Allen, 1995). Fiber may average about 50% of the 
metabolizable energy consumed by ruminants and can be divided into NDF (mostly 
cellulose, hemicellulose, and lignin) and ADF (mostly lignin and cellulose; Van Soest, 1994). 
While cellulose degradability of forages varies from 25-90% and hemicellulose degradability 
varies from 45-90%, lignin is virtually indigestible and can limit digestion of other cell wall 
components (Moore and Hatfield, 1994; Van Soest, 1994). Surveys of maize varieties, single 
crosses, and elite inbred lines have found significant genetic variation for NDF, ADF and 
lignin in the stover, stems, and leaves, and the previously mentioned WFISIHI and WFISILO 
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populations provide evidence for the effectiveness of selection (Roth et al., 1970; Lundvall et 
al., 1994; Buendgen et al., 1990). 
Several candidate genes for CWCs have been identified in the maize genome, 
including cellulose synthase genes and brown midrib mutants (bmr). The cellulose synthase 
genes, which encode glycosyltransferases that are putatively involved in the elongation of 
growing cellulose chains, have been localized on six chromosomes (Holland et al., 2000). 
The brown midrib phenotypes are conferred by single gene mutations (bml, bm2, bm3, and 
bm4) that have been mapped to chromosomes 5,1,4, and 9 respectively, bmr lines have 
lower acid detergent lignin (ADL) and higher digestibility than their normal counterparts but 
also have lower grain and stover yields (Barnes et al., 1971; Lechtenberg et al., 1972; Miller 
et al., 1983; Lee and Brewbaker, 1984). The réductions in grain and stover yields outweigh 
the gains in digestibility, suggesting that normal maize populations may offer more potential 
for forage breeding programs (Miller et al., 1983; Lee and Brewbaker, 1984). These two 
groups of candidate genes represent only a small fraction of the large number potentially 
involved in the synthesis of the plant cell wall. 
Several examples of tissue-specific gene expression have been observed in maize (e.g., 
zein genes, PI, and Sh2; Heideker and Messing, 1986; Neuffer et al., 1997), and it is possible 
that the genes controlling expression of fiber and lignin differ among tissues. Heritabilities 
for NDF, ADF, and ADL in the stover (0.24-0.88) are lower and more variable compared to 
those for specific tissues (e.g., leaf sheath, 0.87-0.94; and stem, 0.93-0.96; Dhillon et al., 
1990; Ferret et al., 1991; Lubberstedt et al., 1997; Cardinal, 1999). Some of the variability in 
heritabilities may be due to the heterogeneous composition of stover, which contains several 
different types of tissue (i.e., leaf, sheath, stalk). The low to moderate genetic correlations 
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between stem and leaf and stem and sheath NDF (0.14 and 0.51) and acid detergent lignin 
(ADL; 0.13 and 0.61; Lundvall et al., 1994; Cardinal, 1999) provide further evidence that the 
genes controlling the expression of CWCs vary among plant tissues. While forage breeders 
may prefer to select for fiber on a whole plant basis, genetic analyses of CWCs may be more 
efficiently performed using individual tissues. 
Cellulose, hemicellulose, and lignin 
Carbohydrates account for 50-80% of the dry biomass of forage species and provide the 
primary source of energy in ruminant diets. They can be divided into mono-, di-, oligo- and 
polysaccharides, with polysaccharides further divided into nonstructural (such as starches 
and fructans) and structural (such as cellulose and hemicellulose). The nonstructural 
polysaccharides are rapidly and generally completely degraded within the rumen, while 
degradability of structural polysaccharides varies considerably (Moore and Hatfield, 1994). 
Structural polysaccharides are generally contained within the cell wall and may average 
about 50% of the metabolizable energy consumed by ruminants (Van Soest, 1994). 
Cellulose is a homopolymer composed of a chain of glucose molecules with P-1,4-
glycosidic linkages, where the basic repeating unit is the disaccharide cellobiose. Cellulose 
differs from other elucans, such as starch and callose, in that the disaccharide is the basic 
repeating unit and the chains are perfectly extended. Due to the nature of the 0-1,4-glucan 
chain, the chains interact with each other in a very precise manner to form a rigid structure, 
so cellulose in nature never exists as a single chain but rather as a composite of many chains, 
called microfibrils (Delmer and Amor, 1995). The large numbers of hydrogen bonds between 
glucan chains make the cellulose fiber an extremely cohesive structure that is highly resistant 
to enzymatic degradation (Albersheim, 1975). Cellulose biosynthesis occurs in the plasma 
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membrane and the growing chains may be secreted through the membrane via a pore. An 
accessory protein may facilitate the alignment of the chains to promote precise crystallization 
into cellulose 1 (the form found in nature; Delmer and Amor, 1995). Cellulose microfibrils 
constitute 20-30% of the dry weight of the primary cell wall (Vamer and Lin, 1989). 
The cellulose microfibrils are embedded in an amorphous gel containing a relatively wide 
range of polysaccharides including hemicellulose and pectic substances (Hatfield, 1989; 
Northcote, 1972). Hemicellulose consists of complex heteropolymers that vary considerably 
in primary composition, substitutions, and degree of branching (Moore and Hatfield, 1994). 
In monocots, the xlyans are the major hemicellulosic component of the cell wall, constituting 
15-20% of the dry weight (Vamer and Lin, 1989). Hemicellulose synthesis occurs within the 
endomembrane system of the cell, initiated in the endoplasmic reticulum and completed in 
the Golgi apparatus. Vesicles formed from the Golgi apparatus transport the materials to the 
outside of the cell wall, fusing with the plasma membrane and depositing material in the 
apoplastic space (Moore and Hatfield, 1994). These polysaccharides bind to each other and 
to cellulose, and through extensive cross-linking immobilize the cellulose fibers in a 
seemingly rigid matrix (Albersheim, 1975). 
In many cells, especially those that provide support for the plant or are involved in the 
conduction of fluids under tension, the protoplast begins to secrete a secondary wall after the 
cell has stopped enlarging. Secondary walls consist of about 45% cellulose, 30% 
hemicellulose, and 22-28% lignin and are much thicker than primary cell walls. Lignin is 
first deposited in the middle lamella, then in the primary wall, and finally in the secondary 
wall. Lignin biosynthesis begins with carbohydrates entering the shikimic pathway, from 
which aromatic amino acids are produced, particularly phenylalanine. The monolignol 
13 
biosynthetic pathway converts phenylalanine into several alcohols, including coniferyl, p-
hydroxycinnamyl, and sinapyl (Whetten and SederofF, 1995). Once in the cell wall, 
lignification is brought about by the oxidation of the alcohols to yield radicals that can bind 
to each other and to the carbohydrates in the cell wall. In the rigid secondary wall of woody 
tissue, lignin replaces the water in the cell wall and forms a hydrophobic matrix around the 
cellulose microfibrils. The wall has great tensile strength because of the microfibrils and a 
rigid structure because of the lignified matrix. 
Ceti wall component analysis 
The Van Soest system was originally developed as a way of partitioning dry matter into 
fractions based on their bioavailability for ruminants, but is now the most widely used 
method for the extraction of cell wall constituents in studies of forage quality. The procedure 
is as follows: Samples are dried and ground, then treated with a neutral detergent and 
ethylene diamine tetraacetic, and a-amylase is added to the solution to remove the starch. 
The solution is filtered and the residue is washed with hot water and acetone, and then dried. 
The residue is the neutral detergent fiber (NDF), a subfraction of the cell wall consisting 
mostly of cellulose, hemicellulose, and lignin. The NDF fraction is treated with acid 
detergent for one hour at 100°C end filtered. The residue is washed with hot water followed 
with acetone. The remaining residue is mostly lignin and cellulose. The difference between 
this fraction and the NDF fraction is the hemicellulose fraction. The ADF residue is treated 
with a 72% sulfuric acid solution for two hours at 0°C and followed by four hours at room 
temperature. The residue is washed with hot water followed by acetone and dried. The 
remaining acid insoluble residue contains lignin (Moore and Hatfield, 1994). 
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Near-infrared spectroscopy (NIR) offers rapid, low cost analysis of plant fiber. Chemical 
components of a sample have different molecular absorption based on the numbers and types 
of chemical bonds. An NIR absorption band occurs whenever the frequency of NIR radiation 
matches the frequency (or an overtone or combination) of bending and stretching vibrations 
of a molecular bond in the sample (Shenk and Westerhaus, 1994). The procedure is as 
follows: Samples are dried and ground, and then presented to the NIR machine, where they 
are scanned and spectral data is produced. These data represent the total chemical and 
physical properties of a forage material, and are highly repeatable, but are only useful when 
interpreted in the form of current reference methods (Shenk and Westerhaus, 1994). A 
representative subset of the samples is then chosen for calibration, which relates NIR 
absorption information to laboratory reference method information. Some type of stepwise 
regression procedure is then used to select the wavelengths that are best associated with the 
chemical (Van Soest) analysis. Once an equation has been developed for each component, 
the values of the components in the samples that were not used in the calibration set are 
predicted by the equation. The equation must then be validated to prevent overfitting (Shenk 
and Westerhaus, 1994). 
Analysis of quantitative trait loci 
Quantitative inheritance implies that a trait is under the control of a few to many genes, 
each with various effects on the phenotype. There is usually also a significant environmental 
effect (Falconer and McKay, 1996). A quantitative trait locus (QTL) is a region of the 
genome that is associated with an effect on a quantitative trait. A QTL can be a single gene, a 
cluster of linked genes, or even a non-coding sequence (e.g., promoters) that affects the 
expression of the trait. Markers can be used to associate a qualitative trait (i.e., the marker 
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locus) to a quantitative effect caused by a linked genetic sequence. Some of the earliest 
research on associations between qualitative markers and quantitative traits was performed 
by Karl Sax, who observed that genes for seed coat pigmentation and eye factors were 
associated with seed size. He also concluded that the size differences among seeds were 
affected by the independent action of the size factors in different linkage groups, and that size 
factors on different chromosomes were likely not equal in their effects (Sax, 1923). In a later 
study, discrete marker genes that had been mapped to specific chromosomal segments were 
used to identify genes affecting stemoplueral chaeta number, a quantitative trait, in 
Drosophila melanogaster. The main practical limitation of the technique seemed to be the 
availability of suitable markers, and the amount of time needed for the work involved 
(Thoday, 1961). 
Genetic mapping. Molecular markers can be divided into two classes: protein and DNA 
(Taaksley, 1983). Isozymes are the most common type of protein markers. Isozyme 
polymorphisms represent allelic variants of structural genes, and differ in their mobility 
during electrophoresis due to differences in their amino acid composition. However, for 
genome analysis of quantitative variation, the number of useful protein markers is a limiting 
factor (Tanksley, 1983). 
Restriction fragment length polymorphisms (RFLPs) are a commonly used type of DNA 
marker. RFLP analysis is based on the separation of different sized DNA fragments. Total 
DNA from a source is digested with endonucleases, which cleave the DNA at specific 
nucleotide sequences. Different alleles at a locus may have different restriction sites, and this 
will lead to differences in fragment sizes. RFLPs are detected using Southern blot analysis, in 
which electrophoresis is used to separate the DNA fragments based on size. The fragments 
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are blotted onto a nylon membrane, and then radioisotope-labeled probes are applied to 
identify the position of the fragments to which they hybridize. Autoradiography is used to 
visualize the bands (Southern, 1975). The availability of a wide range of restriction 
endonucleases has theoretically opened the door an unlimited number of genetic markers 
(Tanksley, 1983). The advantages of RFLP over morphological markers as: 1) 
Morphological markers normally have alleles that interact in a dominant/recessive manner, 
while RFLP normally interact in a codominant manner. 2) The level of allelic variation for 
RFLP markers in a natural plant population is much greater than that for morphological 
markers. 3) The majority or RFLP markers are phenotype neutral, where many 
morphological markers came alterations in the plants phenotype that are undesirable. 4) 
Morphological markers interact epistatically, limiting the number that can be scored in the 
same segregating population. RFLP markers are relatively free of epistatic effects and a 
virtually limitless number can be monitored in a single population (Tanksley et al., 1989). 
Random amplified polymorphic DNAs (RAPDs) are a method of marker amplification 
using the polymerase chain reaction (PCR) with random DNA primers. A thermostable 
enzyme, usually Taq polymerase, is added to the random primers and the source DNA, and 
the mixture is placed in a thermal cycler. The primers hybridize to specific sites on the source 
DNA and a complementary fragment is produced. The temperature is raised to denature the 
primers from the DNA strand, and then lowered and the cycle is repeated, with the products 
from the last cycle acting as templates for the current cycle. Electrophoresis is used to 
separate the fragments, and ethidium bromide is used to stain the DNA. Only the amplified 
bands are visible, and polymorphisms result from amplification of a segment in one parent 
but not the other. RAPDs are inherited in a dominant manner, rendering them less 
17 
informative than RFLPs (which are codominant) in certain applications (Williams et al., 
1990). An extension of the PCR method involves the use of simple sequence repeats (SSRs) 
as molecular markers. Randomly chosen simple sequence loci with different nucleotide 
composition and from different species show extensive length polymorphisms (Tautz, 1989). 
An advantage of SSRs over RAPDs is that SSRs can be codominant if there is sufficient 
difference in the size of the amplified fragments to allow separation on a sequencing gel. 
Single factor QTL analysis. In single factor QTL analysis, individuals are divided into 
groups according to their marker genotypes. Contrasts are made between the two 
homozygous genotypic values (E (M1M1-M2M2) = 2a[l-2r]) and between the hétérozygotes 
and the mid-parent (E (M1M2-I/2IM1M1-M2M2] = d (1-2'.)2), and those contrasts are used to 
detect the presence of QTLs and estimate their additive and dominant effects. Unfortunately, 
the effects of the QTL are confounded with the recombination frequency between the marker 
and the QTL (Edwards et al., 1987). The difference in values between the two homozygous 
classes may be attributable to a marker very tightly linked to a QTL with a small effect or 
'.-ss tightly linked to a QTL with a larger effect (Lander and Botstein, 1989). Also, location 
of the QTL in reference to the marker can only be determined with a dense linkage map. 
Regression-based interval mapping. Regression-based interval mapping uses a model 
consisting of a QTL with flanking marker on each side, where the recombination value 
between the markers is known (Haley and Knott, 1992). Parents are assumed to have 
different genotypes (i.e., parent 1 is homozygous A1Q1B1 and parent 2 is homozygous 
A2Q2B2), and the effects of the three QTL genotypes possible in the F2 are set at m+a, m+d, 
and m-a for Q1Q1, Q1Q2, and Q2Q2 respectively. The recombination fraction between A 
and Q is r*, and the recombination fraction between Q and B is r&. There is assumed to be no 
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interference, and Haldane's function is used to calculate recombination fractions. 
Expectations for all possible markers genotypes are calculated and used to fit the values of m, 
a and d by multiple regression. The three parameters are estimated with least squares, and a 
regression sum of squares is calculated for the model and for the residual. This procedure is 
repeated for as many points within each interval as are of interest, and the most likely 
position of the QTL is chosen as the point at which the model sums of squares are 
maximized. The significance of the model is tested with a likelihood ratio test (LRT « p Freg 
where p = # of parameters fit, ignoring mean, and LRT is distributed as a %2 statistic with 
p+1 df. 
Maximum likelihood based interval mapping differs from the regression method in that it 
computes maximum likelihood estimates for the QTL genotype values given the marker 
genotypes and computes the likelihood of a model with those genotypic values (Lander and 
Botstein 1989). Maximum likelihood estimates (MLEs) from a model based on the 
assumption that a QTL exists in a given interval are compared the constrained MLEs (based 
on assumption that no QTL exists in the interval). The evidence for a QTL is then 
summarized by the LOD (Logarithm of the odds ratio) score, where LOD = log 10 [likelihood 
of model including QTL effect / likelihood of model with no QTL effect]. The higher the 
LOD score the greater the evidence that a QTL exists between the two markers. Deciding the 
threshold LOD score to use is not clear, especially when many points in the genome are 
tested. 
Composite interval mapping. Composite interval mapping combines maximum 
likelihood-based interval mapping with multiple regression (Zeng, 1994). The idea is to 
reduce the effect of linked QTL that lie outside the marker interval, a problem of interval 
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mapping. An example uses data from a backcross population assumed to be derived from two 
inbred lines that are fixed for different alleles at m QTLs and / genetic markers (Zeng, 1994). 
To test for a QTL in a marker interval (i, i+l), markers i and i+l are used as indicators for the 
genotype of the putative QTL, within the interval, and write the statistical model as: 
yi = b0 + b*x*i + i+i)£k*ik +ei fory=l, 2,..., r 
where y-, is the trait value of the /th individual, b0 is the mean of the model, b* is the effect 
of the putative QTL expressed as the difference in effects between homozygote and 
hétérozygote, x*, is an indicator value, taking a value of 0 or 1 with probability depending on 
the genotypes of markers i and j and the position being tested for the putative QTL, b± is the 
partial regression coefficient of the phenotype y on the Ath marker, xy is a known coefficient 
for the Ath marker in the /th individual, taking a value of 0 or 1 depending on whether the 
marker type is hétérozygote or homozygote, and ej is a random variable. The e/s are assumed 
to be identical and normally distributed with a mean of 0 and a variance a2. By 
differentiating the likelihood function with respect to individual parameters, setting the 
derivatives equal to 0 and then solving the equations, the maximum likelihood estimates of 
the parameters b*, b^s, and a2 can be found. 
The advantage of the CIM is better precision in locating and estimating QTL effects when 
multiple linked QTL are present. Fitting unlinked markers to in the model helps to control the 
genetic background. Unfortunately, it is very difficult to determine which multiple marker 
model to use to control genetic background when testing for QTL effects (e.g., use of all 
markers, use of only unlinked markers, use of no markers, etc; Zeng, 1993). Too many 
markers fitted in the model can reduce the power of the test, and there is little ability to 
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distinguish tightly linked QTL. Also, epistasis is not accounted for in this method, and the 
presence of epistatic QTL can bias this method (Zeng, 1994). 
21 
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CHAPTER 2. GENETIC COMPONENTS OF RESISTANCE TO STALK 
TUNNELING BY THE EUROPEAN CORN BORER (OSTRINIA 
NUBILALIS (HUBNER)) IN MAIZE (ZEA MAYS L.) 
A paper submitted to Crop Science 
Matthew D. Krakowsky1, Mark Brinkman2, Wendy L. Woodman-Clikeman2, and 
Michael Lee2"3 
Abstract 
Identification of the genes conferring resistance to European corn borer (ECB) (Ostrinia 
nubilalis (Hiibner)) is an important step in understanding how resistance is expressed and 
whether different sources of maize germplasm can be combined to enhance protection. The 
locations of genes for resistance to ECB tunneling have been reported but are inconsistent 
across studies. The objectives of this study were to map and characterize quantitative trait 
loci (QTL) for resistance to tunneling in De811 and compare these with related studies and 
with QTL for anthesis and ear height. Inbred De811 (resistant) was crossed to susceptible 
inbred B73 to produce a population of 147 Fg lines. The population was artificially infested 
and evaluated in three environments. The F3 lines were genotyped at 88 restriction fragment 
length polymorphism (RFLP) loci to facilitate QTL mapping with composite interval 
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mapping (CIM). Seven QTL for ECB tunneling were detected on chromosomes 1,3,4, 5, 
and 8, associated with 42% of the phenotypic variation. The F, exhibits partial dominance for 
resistance but only one QTL with dominant gene action was observed. A population of F3 
lines of B73 x B52 was evaluated in the same environments, facilitating comparisons 
between inbreds De811 and B52 for genetic heterogeneity. Only one QTL for tunneling was 
common between the studies, indicating that the two inbreds may contribute different genes 
for resistance in crosses with B73. This information could be useful for combining the 
favorable alleles of De811 and B52. 
Introduction 
The European com borer (ECB) (Ostrinia nubilalis (Hûbner)) is a major pest of temperate 
maize (Zea mays L ), with yield losses and control measures exceeding one billion dollars 
annually (Mason et al., 1996). In temperate zones, the larvae of two or more sexual 
generations feed on leaf, sheath and collar tissues and pollen and tunnel into the stalk and ear 
shank (Pesho et al., 1965; Guthrie et al., 1970; Mason et al., 1996). The stalk tunneling 
reduces grain yield (Pesho et al., 1965; Klenke et al., 1986b; Mason et al., 1996) by 
interfering with physiological processes, physically weakening the stalk and ear shoot 
(Lynch, 1980; Klenke et al., 1986b) and by providing points of entry for pathogens 
associated with stalk rot (Mason et al., 1996). 
Adapted inbred lines with elevated levels of resistance to stalk tunneling by ECB have 
been identified (e.g., B52, De811, Mo47; Russell et al., 1971; Hawk, 1985; Barry et al., 
1995). Knowledge of the inheritance and genetic basis of resistance to tunneling could 
facilitate development of germplasm with enhanced levels of resistance and desired 
agronomic traits. High heritabilities (0.63 - 0.78) for resistance to tunneling have been 
31 
reported (Schôn et ai., 1993; Jampatong, 1999; Cardinal et al., 2001). Identification of 
genetic components of resistance to tunneling has been hindered by environmental variation, 
a laborious and lengthy screening process, and the polygenic nature of the trait; however, 
linkage analysis has provided estimates of gene locations for inbred lines B52 and Mo47 
(Onukogu et al., 1978; Schôn et al., 1993; Jampatong, 1999; Cardinal et al., 2001). 
The inbred line De811 is resistant to ECB tunneling (Hawk, 1985) and shows partial 
dominance for resistance in the Fi generation (Guthrie et al., 1989). The heritability and 
positions of genes for resistance to tunneling in De811 have not been previously reported. 
Such information could be useful for breeding with De811 and other germplasm. In this 
study, 147 F] lines of B73xDe811 were genotyped at restriction fragment length 
polymorphism (RFLP) loci and evaluated for tunneling and two other traits that could 
potentially confound assessment of tunneling: anthesis and ear height (Dicke, 1954; Coors, 
1987). This population and F3 lines of B73xB52 (Schôn et al., 1993) were grown in the same 
environments. The common environments and susceptible parent provide an opportunity to 
assess genetic heterogeneity for resistance. The objectives of this study were 1) to assess 
genetic and environmental components of resistance to ECB tunneling in the F3 generation of 
B73 x De811 ; 2) to determine the genotypic correlations between ECB tunneling and ear 
height and anthesis; 3) to map genetic factors for resistance, anthesis, and ear height; and 4) 
to evaluate the relative importance of additive and dominance gene effects on resistance. 
Materials and methods 
Plant materials 
Random plants from a cross between inbred lines B73 and De811 were self-pollinated 
to produce 150 F3 lines. Inbred B73 is widely used in temperate maize breeding programs but 
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is highly susceptible to stalk tunneling by ECB (Table 1). Inbred De811 and the F% (B73 x 
De811) exhibit high levels of resistance to ECB tunneling in the stalk (Table 1). 
Field experiments 
The experiments were planted in three environments: the Agronomy and Agricultural 
Engineering Research Center (AAERC) near Ames, IA and the Iowa State University 
Research Farm near Ankeny, IA on May 11th and April 25th, respectively, in 1989, and at the 
AAERC on May 29th, 1990. Soil fertilization, weed control, and cultivation practices were 
consistent with optimum maize production for this region. The entries in each experiment 
consisted of the 150 F3 lines and two entries each of B73, De811, and the F». Entries were 
evaluated in hill plots consisting of two hills spaced on centers of 0.76 m at Ames and 1.02 m 
at Ankeny, and were arranged in a 12 x 13 simple lattice design with two replications per 
environment. Plots were overplanted and thinned to three plants per hill (i.e., six plants per 
plot; Guthrie et al., 1985). 
Trait evaluation 
All plants in each plot were artificially infested with ECB larvae when 50% of the entries 
in the experiment had reached anthesis. Anthesis was defined as three of the six plants in a 
plot shedding pollen. Newly hatched larvae were obtained from the USDA Com Insect 
Laboratory. The larvae were applied at four infestation points: the primary leaf axil, the first 
and second leaf axils above the primary ear, and the first leaf axil below the primary ear. 
Larvae were applied to each plant for six consecutive days for a total of650 larvae per plant. 
Approximately 60 days after infestation, the plants were split from the soil level to the first 
node above the primary ears and stalk tunneling was recorded to the nearest centimeter for 
each of the six plants. Parallel tunnels were recorded only once. 
33 
Plots were also evaluated for growing degree-days (ODD) to anthesis and ear height to 
assess their correlation with ECB tunneling. GDD were calculated for each day from planting 
to anthesis, according to the formula [(max. eC + min. °C)/2] - 10°C, where 10°C was used 
for the minimum temperature and 30°C was used for the maximum temperature if the actual 
temperatures exceeded those limits (Cross and Zuber, 1972). Ear height was measured on all 
plants in the plot as the distance (to the nearest 5 cm) from the soil level to the highest ear-
bearing node. Anthesis was only measured at the Ames environments, while ear height was 
measured at all environments. 
Analysis of phenotypic data 
For each trait and entry, least square means (lsmeans) were calculated with complete and 
incomplete blocks as random effects and entries as fixed effects for each environment 
(Cardinal et al., 2001). Environments were also treated as random effects when calculating 
lsmeans for the mean environment. These means were used for the quantitative trait loci 
(QTL) analysis. Means of the two parental lines and the F i were calculated as the average of 
the lsmeans of the two entries in each environment. Genotype, genotype x environment, and 
error variance were calculated with environments, complete and incomplete blocks, and 
entries and the entry x environment interaction as random effects (Cardinal et al., 2001). 
Broad-sense heritabilities on an entry-mean basis and their exact confidence intervals were 
calculated according to established procedures (Knapp et al., 1985; Fehr, 1987). Genetic 
correlations (r%) were calculated using PROC GLM considering entries and environments as 
random effects (SAS Institute, Inc., 1990). Box's test (Milliken and Johnson, 1992) was used 
to test for homogeneity of error variances between environments. The error variances were 
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significantly different for tunneling (P — 0.001), ODD to anthesis (P = 0.015), and ear height 
(P = 0.043). Therefore, a separate analysis was performed for each environment. 
QTL detection 
The protocols for DNA isolation, Southern hybridization, and collection of segregation 
data at RFLP loci have been described (Veldboom et al., 1994). Ninety-four genomic and 
cDNA probes detected 103 RFLP loci. One hundred forty-seven F3 lines were used for 
linkage mapping and QTL analysis. Three F3 lines were excluded from all analyses due to 
technical difficulties during the collection of RFLP data or the detection of non-parental 
alleles. 
Linkage analysis was performed using MAPMAKER/EXP v. 3.0 (Lander et al., 1987). 
Loci were assigned to linkage groups using the program's default settings (minimum logio of 
the likelihood odds ratio (LOD) score 3.0, maximum distance between loci of 50 
centimorgans (cM)). Multipoint analysis was performed using the "order" command 
(informativeness criteria of 120 individuals, 2 cM between loci). In cases where a "best 
order" could not be determined due to close linkage, the least informative locus was excluded 
and the order command was used for the subset. Fifteen of the initial 103 loci were excluded 
from the study because they could not be mapped to a unique location with a LOD value of at 
least 2.0 or because they exhibited dominant banding patterns. The remaining 88 loci were 
mapped to unique positions and comprised the genetic map of996 cM with an average 
distance of 12.8 cM between loci for QTL analysis (see Figure 1). A recombination 
frequency of 0.10-0.15 (11-18 cM) between loci is sufficient for QTL detection (Darvasi et 
al., 1993; Darvasi and Soller, 1995). Large intervals between marker loci can result in 
detection of "false" QTL (a type I error; Lincoln et al., 1993). A QTL was detected on 
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chromosome 1 (umcl57) in a 36-cM interval. That QTL was reported because it is not 
possible to determine whether it is the result of actual genetic effects or a type I error. Due to 
a very large gap (>75 cM) between loci bnll2.06a and bnl7.08, chromosome 1 consists of 
two linkage groups. The chi-square test for segregation distortion was not significant for any 
locus. 
QTL were detected using PlabQTL (Utz and Melchinger, 1996), which employs 
composite interval mapping (Jansen, 1993; Jansen and Stam, 1994; Zeng, 1994). Cofactor 
selection was performed as described (Utz and Melchinger, 1996, Austin et al., 2000). First 
the "cov select" option was used to select cofactors using stepwise regression. Cofactors not 
associated with QTL effects were eliminated from the model (Zeng, 1994). The LOD 
threshold value of 2.5 (default value) was used to declare the presence of a QTL. Previous 
reports suggest a LOD threshold value between 2 and 3 (Lander and Botstein, 1989) or a 
permutation test to calculate the LOD threshold value for a specified Type I error rate 
(Churchill and Doerge, 1994). The LOD threshold value of 2.5 has been used in similar 
studies of QTL in maize (Liibberstedt et al., 1998; Cardinal et al., 2001) and 1) allows for 
comparisons with the B73 x B52 F3 population (LOD > 2.2; Schôn et al., 1993) and 2) 
minimizes the risk of a Type II error (i.e., missing a QTL). Then, the "cov/+ select" option 
was used to detect closely linked QTL of opposite effects. All QTL were then integrated into 
a model using the "seq/s" option in PlabQTL. Model selection was performed using forward 
and backward stepwise selection. If the Aikake Information Criteria (AIC) values of two 
models differed by less than 2.0, the model with the fewest parameters was chosen (Jansen, 
1993; Cardinal et al., 2001). 
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Digenic epistatic interactions between all pairs of loci were tested using Epistacy 
(Holland, 1998). Interactions with P < 0.00026 were considered significant This threshold 
was based on an estimate of the number of independent linkage groups in maize with each 
chromosome arm representing one independent linkage group (Holland et al., 1997). 
Interaction terms were added to a model using PROC REG (SAS Institute, Inc., 1990). 
Interaction terms that increased the R-square of the model and were significant at P < 0.05 
were retained in the model. 
Results 
In all environments B73 and De811 differed significantly for ECB tunneling, and there 
were significant differences among the F3 lines (Table 1). The F; had values of ECB 
tunneling that were close to De811 and differed significantly from B73. The highest levels of 
ECB tunneling in the parents and F3 lines and the greatest amount of genotypic variation 
were observed in Ames 1989. The genotypic variation for tunneling was almost ten times 
greater for 1989 than 1990 at Ames. The combined precipitation in July and August at Ames 
was lower in 1989 (11 cm) and higher in 1990 (30 cm) than the 40-year average (21 cm). 
Precipitation in July and August at Ankeny in 1989 (22 cm) was similar to the 40-year 
average (20 cm). The excessive precipitation at Ames 1990 likely increased larval mortality. 
The variance for genotype (36) and genotype x environment (16,95% confidence interval 
(95% CI) = 9-38) in the mean environment were not significantly different from the F3 lines 
of B52 x B73 (69 and 10, respectively), while the error variance in the present study was 
lower (85 and 141, respectively; Schôn et al., 1993). The lack of a significant difference 
between the variance for genotype and genotype x environment herein denotes a significant 
environmental effect on the expression of resistance. For both experiments the error variance 
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accounts for a large fraction of the phenotypic variance, illustrating the complications with 
assessing resistance to tunneling. The broad-sense heritability for tunneling was 0.65 (95% 
CI = 0.55-0.71), which is comparable to previous studies (0.63-0.78; Sadehdel-Moghaddam 
et al., 1983; Schôn et al., 1993; Cardinal et al., 2001). 
Seven QTL for ECB tunneling were detected on chromosomes 1,3,4,5, and 8 in the 
mean environment (Table 2). The QTL were associated with 42% of the phenotypic 
variation, and all exhibited significant additive effects. Significant dominance effects were 
evident for one QTL (chromosome 1, umc!3). Alleles from De811 were associated with 
decreased tunneling at five QTL. Epistatic effects were not detected. 
QTL for ECB tunneling in the individual environments differed from those in the mean 
environment (data not shown). Only the QTL on chromosome 5 (umc68- umc51) was 
detected in all environments, while the QTL on chromosome 3 (umc 102) was detected in 
both 1989 environments and the mean environment The five QTL for Ames 1989 were also 
detected in the mean environment Five and four QTL were observed for Ankeny 1989 and 
Ames 1990, respectively, but only those on chromosomes 3 (umc 102) and 5 (umc68-umc51) 
were also observed in the mean environment. The QTL on chromosome 1 (umc 13) was 
detected in Ames 1990 at LOD 4.8, but was excluded from the model because it did not 
increase the AIC by at least 2.0. Detection of that QTL was dependent on a cofactor 
(bnl 12.06a), indicating that there may be a QTL in the region between bnll2.06a and 
bnl7.08. 
Anthesis and ear height are potentially confounding effects on the assessment of 
resistance to ECB tunneling (Dicke, 1954; Coors, 1987) because larval survival is affected by 
availability of pollen, and the length of the stalk may determine the amount of tunneling 
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observed. Significant differences for anthesis and ear height were observed among F3 lines in 
individual environments and the mean environment (Table 1). The broad-sense heritabilities 
for those traits were 0.68 (95% CI = 0.55-0.76) and 0.87 (95% CI = 0.83-0.89), respectively. 
The genetic correlations (r%) between those traits and ECB tunneling were -0.36 (standard 
error (S.E.) = 0.07) and 0.35 (S.E. = 0.21), respectively. Due to these correlations, QTL 
analysis was performed for these traits. 
Seven QTL for anthesis were detected on chromosomes 1,3,5, and 7 (Table 3), and 
eleven QTL for ear height were observed on chromosomes 1,2,3,4, 5,6, and 9 (data not 
shown) in the mean environment. The anthesis QTL on chromosomes 1 (umc 11) and 3 
(umc92) are within 15 cM of QTL for tunneling. On chromosome 1 later anthesis was linked 
with reduced tunneling, while on chromosome 3 delayed anthesis was linked with increased 
tunneling. The ear height QTL on chromosomes 1 (umcl 1), 4 (umc31), and 5 (umc68) are 
within 10 cM of QTL for ECB tunneling. In those regions decreased ear height is linked to 
decreased ECB tunneling. 
Discussion 
Four studies of QTL for ECB tunneling have been performed using different resistant 
parents crossed to the same susceptible parent (B73; Schôn et al., 1993; Jampatong, 1999; 
Cardinal et al., 2001). Comparisons of QTL across populations, while complicated by 
sampling variation and differences in environments and methodology and limited by the 
number of common genetic loci, can provide an opportunity to assess genetic heterogeneity 
of a phenotype (van Ooijen, 1992; Jansen and Stam, 1994; Zeng, 1994; Visscher et al., 
1996). Herein all comparisons will be made between QTL for ECB tunneling detected in the 
mean environment and will be based on common marker loci. The F3 lines of B73 x B52 
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were evaluated in the same environments in 1989 as the present study, and this should 
enhance comparisons of QTL detected in those two populations. Seven QTL were detected 
for ECB tunneling in the F3 lines of B73 x B52. Herein the QTL on chromosome 3 is in the 
same region (i.e., within 25 cM), and the alleles from the resistant parent (B52 and De811) 
were associated with a decrease in tunneling. The QTL on chromosomes 3 (umc 102) and 5 
(umc68) are in the same regions as QTL detected in recombinant inbred lines (RILs) of B73 
x B52 (Cardinal et al., 2001), and the QTL on chromosome 5 is also in the same region as 
one detected in F3 lines of B73 x Mo47 (Jampatong, 1999). In all populations, alleles from 
the resistant parent (De811, B52, and Mo47) were associated with decreased tunneling. 
Based on common genetic loci, four QTL for ECB tunneling herein are in the same 
regions as QTL for resistance to leaf feeding by the Southwestern corn borer (S WCB, 
Diatraea grandisella Dyar) and the sugarcane borer (SCB, Diatraea saccraralis Fabricius) in 
two populations of tropical maize. The QTL on chromosomes 1 (umc 157 and umcl 1), 5 
(umc68), and 8 (bnl8.26) are in the same regions (e.g., within 25 cM) as those for resistance 
to leaf feeding by S WCB, SCB, or both (Groh et al., 1998). The extent of linkage between 
QTL for resistance to leaf feeding by SWCB and SCB and ECB tunneling was unexpected, 
because resistance to leaf feeding and tunneling by ECB in temperate maize has a low 
genotypic correlation (0.10-0.33; Russell et al., 1974; Sadehdel-Moghaddam et al., 1983; 
Klenke et al., 1986a). 
The Fi progeny of De811 have shown partial dominance for resistance to ECB tunneling 
(Table 1; Guthrie et al., 1989). Dominance effects were only observed for one QTL in the 
mean environment (chromosome 1, umc 157) however, and the partial r-square was small 
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relative to the additive effects. The dominance observed in the F; may actually be due to 
epistasis, which could not be detected due to the design of this experiment 
The biological basis of resistance to stalk feeding by ECB and other insect pests of maize 
has not been established, but genetic factors for chemical composition and morphological 
traits associated with resistance have been localized in the genome. The QTL on 
chromosome 1 (umcl 1) is linked to the same genetic locus as a QTL for concentration of 
maysin (Byrne et al., 1997), a C-glycosol flavone that inhibits larval growth of the com 
earworm (Waiss et al., 1979). Leaf toughness, manifested through cell wall fortification by 
phenolic acids, has been proposed as a major factor in resistance to ECB feeding (Bergvinson 
et al., 1994a, 1994b). The QTL for ECB tunneling on chromosome 4 (bnl5.46) is in a region 
associated with leaf toughness in tropical maize populations (Groh et al., 1998). 
QTL for tunneling in the mean environment were linked to two and four QTL for anthesis 
and ear height, respectively, in agreement with the genotypic correlations. While the QTL for 
anthesis each explained similar proportions of the phenotypic variation (10.7%), the QTL for 
tunneling on chromosome 3 was associated with a greater percentage (24.7%) of the 
phenotypic variance than the QTL on chromosome 1 (8.2%). The larger partial R2 for the 
QTL on chromosome 3 would account for the negative correlation between tunneling and 
anthesis. The correlation between ear height and tunneling may indicate that the length of the 
stalk was a limiting factor in the amount of observed tunneling. Selection for resistance to 
tunneling may result in indirect selection for later anthesis and shorter ear heights. In the BS9 
population, selection for resistance to leaf feeding and stalk tunneling by ECB resulted in 
reduced ear height (Novoa, 1987). 
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In summary, several QTL for resistance to ECB tunneling were detected, only one of 
which had significant dominance effects. De811 has shown partial dominance for resistance 
to tunneling, but dominance effects were only detected for one QTL in the mean 
environment. Delayed anthesis and decreased ear height were associated with decreased 
tunneling, but the correlations were low and suggest that these factors have an insignificant 
effect on the assessment of resistance to ECB tunneling. Assessments of genetic diversity 
based on DNA polymorphism and pedigrees indicate that De811, B52, and Mo47 were 
derived from different genetic backgrounds (Hawk, 1985; Lee et al., 1990; Barry et al., 1995; 
Senior et al., 1998). The detection of different QTL in crosses of B73 to B52, De811, and 
Mo47 may be due to genetic heterogeneity among the resistant inbreds. Such variation could 
be important for breeding, because selection for heritable changes in a phenotype is 
contingent upon genetic variability. Some QTL detected for ECB tunneling were also 
detected in studies of resistance to leaf feeding by SWCB and SCB, which suggests that there 
may be common mechanisms of resistance to these different species and feeding stages. The 
evidence of genetic heterogeneity among the inbreds, specifically B52 and De811, suggests 
that breeding could combine these sources of resistance to produce germplasm with higher 
levels of resistance to ECB tunneling. 
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Table 1 : Phenotypic data for the parente, F„ and F3 linee of B73 x De811 
B73 De811 Ft F3 Une» 
Trait Environment Mean Mean Mean Mean Range o*, 95% CI a2, 95% CI 
Stalk Tunneling1 cm 
Ames 1989 80 35 38 50 20-86 103 75-152 86 68-113 
Ankeny 1989 65 25 40 43 22-78 40 24-82 87 68-116 
Ames 1990 29 19 9 16 4-36 11 6-29 37 29-48 
Mean 58 26 31 37 21-59 36 25-54 85 74-97 
Anthesls GDD-
Ames 1989 1017 1058 1008 1018 983-1057 211 159-292 113 91-145 
Ames 1990 892 919 893 890 833-946 223 139-413 434 345-564 
Mean 957 985 951 954 910-998 197 141-292 362 308-431 
'LSD for Stalk Tunneling: Ames, 1989: A3 = 19, B4 = 19, C5 = 14; Ankeny, 1989: A = 27, B = 22, C = 15; 
Ames 1990: A = 13, B = 11, C = 9; Across Locations: A = 14,8 = 12, C = 10 
2LSD for Anthesls: Ames, 1989: A = 23, B = 20, C = 16; Ames 1990: A = 44,8 = 38, C = 30; 
Across Locations: A = 36,8 = 31,0 = 25 
3A = comparison among F3 lines 
4B = comparison between F3 lines and parental inbreds 
5C = comparison among parental inbreds 
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Table 2: QTL for ECB stalk tunneling In the F3 lines of B73 x De811 
Additive Dominance 
Environment Chrom. Genetic locus* (GL) 
Distance 
from GL 
(cM) 
I # 
I
 Partial R2* Effect (cm) Partial 
Ames 1989 la umcl64 14 -3.6* 4.8 -2.5 1.1 
la umcll 8 4.1** 5.8 -5.8** 6.7 
3 umcl02 2 -6.9** 19.8 -0.7 0.1 
4 bn!5.46 2 3.5** 5.7 2.3 1.1 
5 umc51 11 -6.9** 15.5 3.1 1.3 
Total adjusted R2S=30% 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, ** effect is significant at p < 0.01 
* percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the number 
of parameters in the model. 
Ui 
Table 2. (continued) 
Additive Dominance 
Environment Chrom. Genetic locus* (GL) 
Distance 
from GL 
(cM) 
Effect (cm) Partial R2 Effect (cm) Partial R2 
Ankeny 1989 2 umcS 10 -3.7** 8.9 2.2 1.4 
3 umc 102 0 -3.1** 8.4 0.2 0.0 
5 umcSl 17 -6.8** 25.7 -1.5 0.7 
7 bnl8.37 4 5.8** 8.5 -3.0 2.2 
7 umc80 3 -9.4** 16.2 0.0 0.0 
Total adjusted R2= 34% 
Ames 1990 lb bnl7.08 2 -2.2** 4.7 -2.0 2.4 
lb umc23a 17 2.3** 5.3 0.8 0.5 
5 umc68 9 -1.9** 6.2 -0.4 0.1 
10 npilOSb 20 -1.9* 5.9 -0.6 0.2 
Total adjusted R2= 11% 
M 
Table 2. (continued) 
Environment Chrom. Genetic locus' (GL) 
& Distance 
fromGL 
(cM) 
Additive Dominance 
Effect (cm) Partial R2 Effect (cm) Partial R2 
Mean 1 umcl57 15 -3.3** 5.4 -3.7* 3.1 
1 umc II 7 3.7** 8.2 -2.0 1.7 
3 urne 102 0 -4.3** 24.7 -0.7 0.3 
4 bnl5.46 1 2.9** 12.6 0.4 0.1 
5 umc 166 0 -2.7** 9.0 1.1 0.9 
5 umc68 6 -4.4** 21.3 0.7 0.3 
8 bnl8.26 0 -2.7** 9.4 -0.2 0.0 
Total adjusted R2=42% 
Table 3: QTL for anthesls for the Fj lines of B73 x De811 in the mean environment 
Additive Dominance 
* Distance 
Chrom. ^ene"c ,«cus from GL Effect* (cm) Partial R2* Effect (cm) Partial R2 
1 umcl 1 6 6.3** 10.7 -3.7 2.5 
1 umc83 7 -6.7** 11.1 -1.4 0.2 
3 umc92 0 6.1** 10.7 -3.6 2.0 
3 bnl3.18 0 9 0** 21.8 -4.1* 3.0 
5 bnl7.71 10 7.7** 14.0 -8.0** 7.3 
7 umc56 4 -7.2** 8.0 7.4** 6.4 
7 umc80 9 7.9** 7.7 -10.2** 7.1 
Total adjusted R2*=51 % 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, •• effect is significant at p < 0.01 
'percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed, 
^percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted 
for the number of parameters in the model. 
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CHAPTER 3. CHARACTERIZATION OF QUANTITATIVE TRAIT 
LOCI AFFECTING FIBER AND LIGNIN IN MAIZE (ZEA MAYS L.) 
A paper to be submitted to Maydica 
Matthew D. Krakowsky1, Hobart H. Beeghly2, James G. Coors3, and Michael Lee4 
Abstract 
Maize stover is an important component of whole plant silage, and cell wall components 
(CWCs) in maize stover are negatively correlated with silage digestibility. Variability for 
CWCs is present in maize, but little information is available concerning the locations and 
effects of the associated genes. Due to potential heterogeneity for CWCs among tissues of 
the stover, genetic dissection may be improved by analyzing different tissues separately. The 
objectives of this study were to map and characterize quantitative trait loci (QTL) for NDF, 
ADF, and ADL in the sheath and stalk of maize. Inbred De811 (high levels of CWCs) was 
crossed to inbred B73 (low-intermediate levels) to produce a population of 147 F3 lines. 
Tissue samples were harvested from two locations in 1989 and analyzed for CWCs. The F3 
lines were genotyped at 88 restriction fragment length polymorphism (RFLP) loci to 
facilitate QTL mapping with composite interval mapping (CIM). Ten QTL each for sheath 
'Graduate Assistant, primary researcher, and author, Department of Agronomy, Iowa State 
University, Ames, IA 50011. 
2Golden Harvest Seeds, Inc., Waterloo, NE 68069. 
3Professor, Department of Agronomy, University of Wisconsin, Madison, WI 53706 
4Professor and author for correspondence, Department of Agronomy, Iowa State University, 
Ames, IA 50011 
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NDF and ADF were detected on chromosomes 1,3,4,7, 8,9, and 10 and were associated 
with 55 and 62% of the phenotypic variation, respectively. Eleven, twelve and ten QTL for 
stalk NDF, ADF, and ADL associated with 69, 71, and 62% of the phenotypic variation, 
respectively were detected on chromosomes 1,2,3,4,6, 7,8, and 9. The QTL for NDF in 
the sheath and stalk were all within 20 cM of QTL for ADF in the respective tissues. All but 
one QTL for NDF and ADF were linked to candidate genes involved in carbohydrate 
metabolism, while two of the QTL for stalk ADL were linked to candidate genes for lignin 
biosynthesis. The QTL detected herein could be useful for marker-assisted selection for 
reduced levels of CWCs. 
Introduction 
Maize stover contains 50% or more of the whole plant biomass and most of the fiber and 
lignin, which have been negatively correlated with digestibility (-0.53 <r< -0.91 ; Hunt et 
al., 1992; Wolf et al., 1993; Van Soest, 1994). The fiber and lignin content of whole plant 
silage can be altered by varying the percentage of grain or by modifying the concentrations 
of the cell wall components (CWCs) in the stover (Vattikonda and Hunter, 1983; Hunt et al., 
1992). Grain is lower in fiber than stover (8-12% and 65-73%, respectively), but a diet high 
in grain can cause digestive complications and altered milk composition in dairy cows 
(Johnson et al., 1985). Therefore, selection of forage varieties with modified fiber and lignin 
levels in the stover may be a more efficient method for improving digestibility. 
Genetic variability for fiber and lignin is present in temperate maize geimplasm and 
selection for altered fiber levels has been successful (Roth et al., 1970; Vattikonda and 
Hunter, 1983; Buendgen et al., 1990; Lundvall et al., 1994). However, little is known 
concerning the locations and effects of the associated genes. QTL for cell wall components 
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(CWCs) have been mapped to sixteen of the twenty chromosome arms in maize, indicating 
that a large number of genes are involved in the expression of fiber and lignin (Lubberstedt et 
al., 1997; Cardinal et al., 2000; Méchin et al., 2001). The ability to extrapolate this 
information to other maize germplasm is very limited, though, due to the small number of 
populations and environments that were sampled. Several candidate genes for fiber traits, 
including cellulose synthases and enzymes involved in cellulose and lignin biosynthesis, 
have been identified in maize (Causse et al., 1995a; Causse et al., 1996; Holland et al., 2000; 
Maize DB, http://www.agron.missouri.edu/) but their contribution to genetic variability of 
fiber and lignin is unknown. The brown midrib mutants (6ml, 2,3 and 4), probably the best 
studied genes affecting fiber and lignin in maize, are associated with reduced levels of acid 
detergent lignin (ADL) and high digestibility as compared to their normal counterparts 
(Barnes et al., 1971 ; Lechtenberg et al., 1972). While bmr lines appear to be a promising 
resource for forage breeders, the low grain and stover yields as compared with their normal 
counterparts outweigh the gains in digestibility, suggesting the later may offer more potential 
for forage breeding programs (Miller et al., 1983; Lee and Brewbaker, 1984). 
A wide range of heritabilities has been reported for neutral detergent fiber (NDF), acid 
detergent fiber (ADF), and ADL in the stover (0.24-0.88; Zimmer and Wermke, 1986; 
Dhillon et al., 1990; Ferret et al., 1991; Lubberstedt et al., 1997). Some of the variability in 
heritabilities may be due to the heterogeneous composition of stover, which contains several 
different types of tissue (e.g., leaf, sheath, stalk; Ferret et al., 1991). Heritabilities for specific 
tissues are relatively high (sheath CWCs, 0.87-0.94; stem CWCs, 0.93-0.96) and genetic 
correlations for the same CWC in different tissues are low to moderate (e.g., stalk and leaf 
NDF, rg — 0.14; stalk and sheath NDF, rg = 0.51), indicating that the genes controlling the 
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expression of fiber and lignin may differ among tissues (Lundvall et al., 1994; Cardinal et al., 
2000). The ability to detect QTL for CWCs might be improved by examining the different 
tissues separately since analyzing stover may mask variation in the levels of CWCs in 
tissues. 
The objectives of this research were to estimate the numbers, locations, and effects of 
QTL for CWCs in the stalk and sheath, to determine if the QTL are tissue specific, and to 
compare the QTL herein with those from other studies and with candidate genes. The QTL 
detected herein could be used for marker-assisted selection (MAS) in situations where it is 
less expensive to collect genotypic data than to analyze CWCs. QTL detected in an early 
generation (F3) mapping population may provide opportunities for marker-assisted selection 
(MAS) in advanced generations. 
Materials and methods 
Plant materials 
Random F2 plants from a cross between inbred lines B73 and De811 were self-pollinated 
to produce one hundred and fifty F3 lines. Inbred B73 has low-to-intermediate levels of 
CWCs in the leaf blades and stalks (Lundvall et al., 1994) and inbred De811 has high levels 
of CWCs in the leaf blades, leaf sheaths and stalks (Coors, 1988). 
Field experiments 
The experiments were planted in 1989 at the Agronomy and Agricultural Engineering 
Research Center near Ames, IA on May 11th and the Iowa State University Research Farm 
near Ankeny, IA on April 25th. The entries consisted of the one hundred and fifty F3 lines and 
two entries each of B73, De811, and the F|. Entries were evaluated in hill plots consisting of 
four hills spaced on centers of 0.76 m at Ames and 1.02 m at Ankeny, and were arranged in a 
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12 x 13 simple lattice design with two replications. Plots were over planted and thinned to 
three plants per hill. Fertility, weed control and cultivation practices were consistent with 
optimum maize production for this region (Beeghly et al., 1997). 
Trait evaluation 
Plant tissue from two hills in each plot was harvested when approximately 50% of the F3 
families had reached the mid-silk stage. Leaf sheaths and stalks were sampled from the two 
internodes above and one internode below the primary ear and dried for one week at 60°C. 
The analysis of the sheaths and stalks has been described (Beeghly et al., 1997). Briefly, the 
samples were scanned using NIR spectroscopy, and prediction equations were developed 
using data collected from a subset of samples analyzed using the Van Soest detergent method 
(Robertson and Van Soest, 1980). The R2 values of those equations are as follows: sheath 
NDF 0.81; sheath ADF 0.69; sheath ADL, 0.39; stalk NDF 0.89; stalk ADF 0.84; stalk ADL 
0.66. Due to the very low R2 value, sheath ADL was not included in further analyses. NDF, 
ADF, and ADL were measured in grams per kilogram dry matter (DM). 
Phenotypic data analysis 
For each environment and trait least square means (Ismeans) were calculated for each 
entry with complete and incomplete blocks as random effects. Environments were also 
treated as random effects in the calculation of Ismeans for the mean environment Means of 
the two parental lines were calculated as the average of the least square means of the two 
entries in each environment. Levene's test was used to test for homogeneity of error 
variances between environments (SAS Institute, Inc., 1999). Genotype, genotype x 
environment, and error variances were calculated with environments, complete and 
incomplete blocks and entries and the entry x environment interaction as random effects 
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(Cardinal et al., 2001). The genetic correlations and heritabilities have been reported 
previously (Beeghly et al., 1997) 
QTL detection 
The protocols for DNA isolation, Southern hybridization, and collection of segregation 
data at RFLP loci have been described (Veldboom et al., 1994). Ninety-four genomic and 
cDNA probes detected one hundred and three RFLP loci. One hundred forty-seven F3 lines 
were used for linkage mapping and QTL analysis. Three F3 lines were excluded from all 
analyses due to technical difficulties during the collection of RFLP data or the detection of 
non-parental alleles. 
Linkage analysis was performed using MAPMAKER/EXP v. 3.0 (Lander et al., 1987). 
Loci were assigned to linkage groups using the default settings (minimum LOD score 3.0, 
maximum distance between loci of 50 centimorgans (cM)). Multipoint analysis was 
performed using the "order" command (informativeness criteria of 120 individuals, 2 cM 
between loci). In cases where a "best order" could not be determined due to close linkage, the 
least informative locus was excluded and the order command was used for the subset. Fifteen 
of the initial 103 loci were excluded from the study because they could not be mapped to a 
unique location with a LOD value of at least 2.0 or because they exhibited dominant banding 
patterns. The remaining 88 loci were mapped to unique positions and comprised the genetic 
map of996 cM with an average distance of 12.8 cM between loci for QTL analysis (see 
Figure 1). A recombination frequency of 0.10 to 0.15 (11-18 cM) between loci is sufficient 
for QTL detection (Darvasi et al., 1993; Darvasi and Soller 1995). Due to a very large gap 
(>75 cM) between loci BNL 12.06 A and BNL7.08, chromosome 1 consists of two linkage 
groups. The chi-square test for segregation distortion was not significant for any locus. 
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QTL were detected using PlabQTL (Utz and Melchinger, 1996), which employs 
composite interval mapping (Jansen, 1993; Jansen and Stam, 1994; Zeng, 1994). Cofactor 
selection was performed as described (Utz and Melchinger, 1996, Austin et al., 2000). First 
the "cov select" option was used to select cofactors using stepwise regression. Cofactors not 
associated with QTL effects were eliminated from the model (Zeng, 1994). The LOD 
threshold value of 2.5 (default value) was used to declare the presence of a QTL. Previous 
reports suggest a LOD threshold value between 2 and 3 (Lander and Botstein, 1989) or a 
permutation test to calculate the LOD threshold value for a specified Type I error rate 
(Churchill and Doerge, 1994). The LOD threshold value of 2.5 has been used in similar 
studies of QTL in maize (Lubberstedt et al., 1998; Cardinal et al., 2001) and minimizes the 
risk of a Type II error (i.e., not detecting a true QTL). Then, the "cov/+ select" option was 
used to detect closely linked QTL of opposite effects. All QTL were then integrated into a 
model using the "seq/s" option in PlabQTL. Model selection was performed using forward 
and backward stepwise selection. If the Aikake Information Criteria (AIC) values of two 
models differed by less than 2.0, the model with the fewest parameters was chosen (Jansen, 
1993; Cardinal et al., 2001). 
Digenic epistatic interactions between all pairs of loci were tested using Epistacy 
(Holland, 1998). Interactions with p < 0.00026 were considered significant. This threshold 
was based on an estimate of the number of independent linkage groups in maize with each 
chromosome arm representing one independent linkage group (Holland et al., 1997). 
Interaction terms were added to a model using PROC REG (SAS Institute, Inc., 1990). 
Interaction terms that increased the R-square of the model and were significant atp < 0.05 
were maintained in the model. 
Results and Discussion 
Ten QTL each for sheath NDF and ADF were detected on chromosomes 1,3,4, 7,8, 
9, and 10 in the mean environment and were associated with 55 and 62% of the phenotypic 
variation, respectively (Tables 1 and 2). All QTL for sheath NDF were closely linked (e.g., 
within 20 cM) to QTL for ADF, which was not unexpected due to the high genetic 
correlation between the traits (0.95; Beeghly et al., 1997). For six QTL, the De811 alleles 
were associated with an increase in sheath NDF and ADF. Two QTL for NDF and three for 
ADF had significant additive and dominance effects, while one QTL for sheath NDF only 
had significant dominance effects. There was little evidence of dominance gene action in the 
F| (data not shown) and QTL with significant dominance effects were associated with a small 
percentage of the total phenotypic variation, indicating that most of the genetic variation is 
associated with additive gene effects. Significant digenic epistatic interactions were not 
detected. 
QTL for stalk NDF, ADF and ADL were detected on chromosomes 1, 2, 3,4,6, 7, 8 and 
9 in the mean environment and were associated with 69,71, and 62% of the phenotypic 
variation, respectively (Tables 3,4 and 5). The De811 alleles were associated with an 
increase in stalk NDF and ADF at seven QTL each, and with an increase in stalk ADL at six 
QTL. As with sheath NDF and ADF, a high genetic correlation was reported between stalk 
NDF and ADF (0.99; Beeghly et al., 1997) and all QTL for NDF were within 5 cM of QTL 
for ADF. The genetic correlations of stalk NDF and ADF with stalk ADL were lower (0.77 
and 0.78; Beeghly et al., 1997), and only eight QTL for ADL were linked (i.e., within 30 cM) 
to QTL for NDF and ADF. Eight stalk NDF QTL had only significant additive effects while 
three had significant additive and dominance effects. For stalk ADF six QTL had only 
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significant additive effects, one had only significant dominance effects, and five had both. 
All QTL for stalk ADL had significant additive effects, while significant dominance effects 
were also observed for four QTL. There was little evidence of dominance gene action for 
stalk NDF and ADF in the Fi (data not shown), and the few QTL with significant dominance 
effects were associated with a small percentage of the total phenotypic variance. There was 
strong evidence for dominance gene action for stalk ADL, however, as the means for the F1 
and the high parent (De811) were equal (data not shown), and QTL with significant 
dominance effects were associated with a much larger percentage of the phenotypic variation 
than for the other CWCs. Significant digenic epistatic interactions were not detected. 
Several possible reasons that linked QTL were detected for CWCs in the same tissue are 
that: 1) the grouping of the QTL is random, 2) the genes for the different CWCs are grouped 
together in the genome, 3) the presence of ADL affects the quantification of the other CWCs, 
4) the QTL are transcription factors that regulate expression of genes involved in cell wall 
synthesis, 5) the QTL are genes with pleiotropic effects on the biosynthetic pathways of the 
different CWCs, 6) cell wall synthesis is limited in one or more components, and an increase 
in the limiting factor leads to an overall increase CWCs, or 7) detection of a QTL for NDF is 
based on QTL for its subfraction(s) (e.g., ADF). 
While none of those possibilities can be clearly distinguished given the data, some appear 
to be less probable. The apparently tissue-specific pattern of clustering would not be 
expected if the QTL were distributed at random in the genome. Khavkin and Coe (1997) 
proposed that clusters of developmentally related genes are present in the maize genome. 
However, very dissimilar biosynthetic pathways are involved in production of hemicellulose, 
cellulose, and lignin. The pathways are very complex and involve the synthesis of numerous 
diverse products. To assume that the genes involved in these pathways might be clustered 
due to their connection with cell wall biosynthesis may oversimplify the complex interactions 
of biosynthetic pathways and the numerous products that are incorporated into and 
synthesized by these pathways. The clustering of QTL for ADL with QTL for NDF and ADF 
would be expected only if ADL was affecting the quantification of NDF and ADF or if the 
levels of NDF and ADF were affecting ADL. Since lignin only occurs in the secondary cell 
wall and is deposited after cellulose synthesis, its incorporation into the cell wall would not 
be expected to have an effect on the biosynthesis of cellulose and hemicellulose. The absence 
of a tissue-specific cluster in which the alleles from different parents are associated with an 
increase in a CWC (e.g., the allele from B73 is associated with an increase in NDF while the 
allele from De811 is associated with an increase in ADF) is possible evidence of a single 
gene at the QTL affecting the expression of different CWCs. 
While the genetic correlations between CWCs in the same tissue were high, the 
correlations between the same CWC in different tissues were much lower. The genotypic 
correlations of sheath NDF with stalk NDF and sheath ADF with stalk ADF were 0.29 and 
0.28, respectively (Beeghly et al., 1997). In concordance with the genetic correlations for 
CWCs within and between tissues, the ten QTL each for sheath NDF and ADF are linked, 
but only five were linked to QTL for their respective CWCs in the stalk. In all instances 
where QTL for sheath and stalk CWCs were linked, the parent associated with an increase in 
the trait was the same. These clustering patterns of QTL would indicate that expression of 
genes for CWCs is tissue specific, and that while selection for reduced CWC on a whole 
plant level may be effective in breeding programs, studies of the genetics of CWCs should 
consider each plant tissue separately. 
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The maize genome contains extensive chromosomal duplications that were probably 
produced by an ancient tetraploid event or through internal duplication (Helentjaris et al., 
1988; Gaut, 2001), and QTL observed in duplicated regions may share sequence homology. 
The QTL on chromosomes 1 (umcl 1/ umc 13) and 9 (bnll2.06b), 1 (bnl7.08) and 4 
(umc23B), 2 (umc5) and 7(umc80), 3(umcl65), 6 (umc38A) and 8 (bnl8.26), and 4 (bnl5.46) 
and 10 (npilOSb) may be located in duplicate regions. The clusters in these regions do not 
appear to follow patterns of tissue specificity; that is, one cluster may have QTL for sheath 
and stalk CWCs, while the other may only have QTL for sheath CWCs. This may be the 
result of gene duplication and change of function, whereby one of the duplicated genes 
maintains the original function (e.g., expression of CWCs in sheath and stalk) while 
expression of the other gene becomes more specialized (e.g., CWCs in the sheath only). 
QTL for CWCs have been mapped in the same tissues in a population with a common 
parent (B73; Cardinal, 1999). Comparisons of QTL across populations, while complicated by 
sampling variation and differences in environments and methodology and limited by the 
number of common genetic loci, can provide an opportunity to assess genetic heterogeneity 
of a phenotype (van Ooijen, 1992; Jansen and Stam, 1994; Zeng, 1994; Visscher et al., 
1996). Herein, all comparisons will be made between QTL for CWCs detected in the mean 
environment, and will be based on common marker loci. Thirty-one QTL for sheath CWCs 
and thirty-four QTL for stalk CWCs were observed in recombinant inbred lines (RILs) of 
B73 x B52. The QTL herein for sheath NDF and ADF on chromosomes 3 (bnl8.35), 7 
(umcl 10/ umcl 16), 8 (bnl8.26), 9 (bnl 12.06b), and 10 (npilOS), stalk NDF and ADF on 
chromosomes 1 (bnl7.08), 2 (umc34 and umc5), and 8 (bnl8.26) and stalk ADL on 
chromosomes 1 (bnl7.08 and isu6), 2 (umc5), and 3 (bnl8.35) are in the same regions (i.e., 
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within 25 cM) as QTL from that study. For nine of the eleven QTL the alleles from the non-
673 parent (De811 and B52) were associated with increased CWC levels in both 
populations. The B73 alleles for the QTL on chromosomes 2 (umc34) and 8 (bnl8.26) were 
associated with increased stalk NDF and ADF and decreased sheath NDF and ADF for the 
B73xB52 RILs. Herein, the B73 alleles were associated with decreased stalk NDF and ADF 
and increased sheath NDF and ADF. This may indicate that genetic heterogeneity exists 
between B52 and De811, which could be useful in a forage-breeding program. 
QTL affecting testcross (TC) performance of important forage maize traits have been 
mapped and characterized in European flint lines. In one study, TC progenies were produced 
from the cross of the F3 lines of two elite flint inbreds to two dent inbred testers. The TC 
progenies of each tester were analyzed in separate experiments for six forage traits including 
ADF and metabolizable energy concentration (MEC; Lubberstedt et al., 1997) on whole plant 
samples. Data from the QTL analysis for ADF were not reported therein because of the 
extremely high genotypic correlations between the ADF and MEC (0.99 and 0.93; Exps. 1 
and 2) and almost identical results in QTL analysis. Therefore QTL for MEC will be 
compared with QTL for ADF herein. Nine and six QTL were detected for MEC in 
experiments 1 and 2, respectively. In experiment 1, the QTL on chromosomes 3 (bnl8.15 and 
bnl8.35) and 4 (php10025) for sheath ADF and chromosomes 1 (bnl7.08), 2 (umc34), 3 
(umc92), and 7(umc80) for stalk ADF are in the same regions (i.e., within 25 cM) as QTL for 
MEC and in experiment 2, the QTL on chromosomes 3 (bnl8.35), 4 (php10025), and 9 
(bnl 12.06b) for sheath ADF and chromosome 3 (umc92) for stalk ADF are in the same 
regions as QTL for MEC. In another study, one hundred RILs were developed from the cross 
of inbred lines F2 and Io and testcrossed to inbred F252 (Méchin et al., 2001). The RILs per 
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se and their TC progeny were analyzed for eleven maize digestibility-related and agronomic 
traits on whole plant samples, including NDF and ADL. In the RILs per se, only one QTL 
was detected for ADL (none for NDF), and it is in the same chromosomal bin as the QTL 
herein on chromosome 4 (umc42). One QTL each for NDF and ADL were detected in the TC 
progeny, neither of which was in the same chromosomal bin as the QTL herein. 
QTL and candidate genes of enzymes and their homologs with key roles in carbon 
metabolism, including cellulose synthase, sucrose synthase (SuS), UDP-and ADP-glucose 
pyrophosphorylase (UGP and AGP), invertase (INV), beta-amylase (AMY) and sucrose 
phosphate synthase (SPS) (Tables 1-5; Preiss, 1982; Causse et al., 1995a; Causse et al., 1996; 
Holland et al., 2001 ; Maize DB, http://www.agron.missouri.edu/) are in the same 
chromosomal regions as QTL for stalk and sheath NDF and ADF herein. QTL were mapped 
for growth traits, concentrations of carbohydrates and activity of SuS, AGP, SPS, and INV in 
RILs of Fz (European flint) x Io (Iodent). The QTL herein for sheath NDF and ADF on 
chromosomes 1 (umcl 1/ umcl3), 4 (php10025), and 10 (npil05b) and for stalk NDF and 
ADF on chromosomes 1 (umcl3 and bnl7.08), 2 (umc5), 4 (bnl5.46), and 9 (umcl 13) were 
in the same regions (i.e., within 25 cM) of QTL for SuS, SPS, INV and AGP activity (Causse 
et al., 1995a). SuS, UGP and INV are postulated to have key roles in the metabolism of 
UDP-glucose, a proposed substrate in cellulose synthesis (Delmer and Amor, 1995). The 
relevance of SPS, AGP, and AMY to CWCs is less clear, but may be related to the export of 
sucrose from source tissue and competition for glucose in sink tissue. SPS is involved in the 
synthesis of sucrose, and its activity has been positively correlated (0.42 < r < 0.89) with dry 
matter yield (Rocher et al., 1989; Causse et al., 1995b). AGP and AMY function in starch 
synthesis, and the activity of the former has been negatively correlated with maize growth 
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rate and dry matter accumulation (r = -0.73 and -0.82, respectively; Causse et al., 1995b). 
Also, starch concentration has been negatively correlated with NDF (-0.84; Méchin et al., 
2001) and ADF (-0.47 and -0.63; Lubberstedt et al., 1997). AGP consists of two subunits, 
coded by bt2 and sh2 in the grain and by agpl and agp2 in the embryo; in the leaf one 
subunit is coded by 12. Starch and cellulose synthesis may be correlated during the vegetative 
period, when sucrose enters sink tissues and is diverted into structural (e.g. cellulose, 
hemicellulose, etc.) and non-structural (e.g. starch) carbohydrates, or during grain fill when 
those non-structural carbohydrates are mobilized and exported to the ear. The greater the 
mobilization of nonstructural carbohydrates out of the stalk and the more efficient their 
incorporation into the ear, the greater the ratio of CWCs to stalk DM. 
Two candidate genes for lignin biosynthesis are linked to QTL herein for stalk ADL. The 
QTL on chromosomes 4 (umc42) and 7 (umc35) are in the same chromosomal regions as 
candidate genes for phenylalanine ammonia lyase (pal) and peroxidase (px3), respectively 
(Maize DB, http://www.agron.missouri.edu/). The locus pal is an important regulatory 
enzyme in the biosynthesis of all phenylpropanoid compounds, including lignin, while 
peroxidases are thought to play a role in the polymerization of phenolic precursors in the cell 
wall (Whetten and Sederoff, 1995). Somewhat surprisingly, none of the QTL for stalk ADL 
were located in the same regions as the bmr genes. 
QTL for stalk and sheath NDF, ADF and ADL were detected in the mean environment on 
nine of the ten chromosomes, and alleles for increased levels of CWCs appear to be present 
in both parents. Selection for altered levels of CWCs should be possible in this population, 
though the high genetic correlations between some CWCs may prevent selection for one 
while maintaining levels of another (e.g., selection for decreased stalk ADF will likely result 
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in decreased stalk NDF as well). The underlying explanation for clustering of QTL for 
different CWCs is unclear, but may be due to the interrelationships among CWCs. Genetic 
variation may only exist for one component (e.g., cellulose), but the variation in that 
component directly affects variation in the others, since they are confounded by their 
quantification (e.g., ADF is a fraction of NDF) and their roles in cell wall synthesis. The 
tissue-specific expression observed herein and in other studies should be an important 
consideration for future genetic studies on CWCs. Several QTL are linked to QTL reported 
in other studies and to candidate genes, and these candidate genes may be important in 
determining the nature of the effects of the QTL. Further work could be done to determine 
whether the parental inbreds have different alleles for the candidate genes and if the alleles 
are associated with the phenotypes observed. This could be useful not only for developing 
forage maize varieties with increased digestible and decreased indigestible carbohydrates, but 
also for expanding our knowledge of starch and cell wall biosynthesis. 
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Figure 1. Genetic Map of B73 x DE811 F3 lines and location of QTL for cell wall components, stalk tunneling, and 
anthesis. Solid boxes |=positive effect from DE811 and clear boxes Q= positive effect from B73. 
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Table 1. Chromosomal location, estimates of effects, and partial R2 for QTL detected for sheath NDF in F3 lines 
of B73xDe811 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
1 umcl 3 7.1** 13.8 1.5 0.4 sh2 
3 bnl8.15 6.8** 14.6 2.2 0.8 dek5 
3 bn!8.35 0.8 0.2 -7.4** 7.7 bt2 
3 umcl 65 5.8** 8.1 -1.1 0.2 sps 
4 umc23b -3.1* 3.3 -5.1* 3.6 bt2 
4 php10025 -7.4** 16.9 -4.9* 3.7 
7 umcl 16 5.3** 8.2 2.8 1.2 invlA, ZmCesA-9 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, ** effect is significant at p < 0.01 
# percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
® dek5, defective kernel (shrunken (like sh2 ) rough kernel); adp5, ADP-glucose pyrophosphorylase homolog 
^percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the 
number of parameters in the model. 
a 
Table 1. (continued) 
Additive Dominance 
Chrom. Genetic locus Effect** (cm) Partial Rw Effect (cm) Partial R1 Candidate Genes® 
8 bnl8.26 -7.0** 15.0 -1.8 0.5 bt2 
9 bnl 12.06b 8.2** 17.6 4.8* 3.2 susl 
10 npilOSb 6.4** 10.5 3.8 1.4 adp5 
Total adjusted R1$ = 55% 
VO 
Table 2. Chromosomal location, estimates of effects, and partial R2 for QTL detected for sheath ADF in F3 lines 
of B73xDe811 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
1 umcll 7.3** 25.7 0.0 0.0 sh2 
3 bnl8.15 4.1** 14.8 0.6 0.1 dekS 
3 bnl8.35 2.9* 3.9 -5.9** 10.1 bt2 
3 umcl 65 3.8** 7.6 0.9 0.3 sps 
4 umc42 -3.9** 9.5 -0.3 0.0 b\2 
4 php10025 -AH** 14.1 •4.5** 6.6 
7 umcl 10 4.4** 11.9 2.0 1.3 invlA, ZmCesA 
8 bnl8.26 -5.8** 20.8 0.3 0.0 bt2 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, •• effect is significant at p < 0.01 
"percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
® dekS, defective kernel (shrunken (like sh2 ) rough kernel); adp5, ADP-glucose pyrophosphorylase homolog 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the 
number of parameters in the model. 
Table 2. (continued) 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
9 bnl 12.06b 3.4** 10.0 1.9 1.2 susl 
10 npilOSb 6.7** 21.6 2.8 1.6 adp5 
Total adjusted R2 = 62% 
00 
Table 3. Chromosomal location, estimates of effects, and partial R2 for QTL detected for stalk NDF in F3 lines 
ofB73xDe811 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R" Effect (cm) Partial R2 Candidate Genes® 
1 umcl3 1.9** 14.6 0.2 0.0 sh2 
1 bnl7.08 12.2" 27.2 3.0 1.2 12 
2 umc34 9.1** 12.7 1.4 0.2 agpl 
2 umc5 13.5** 20.3 -10.5** 8.3 ZmCesA-3, -4; agp2; 
ugpl 
3 bnl8.35 6.6** 11.5 -5.2* 3.5 bt2 
4 bnl5.46 -9.1** 19.8 3.3 1.4 cp2 
6 umc38a 7.1** 10.3 5.6 2.6 sh2 
7 umcl 10 13.1** 28.1 10.3** 11.7 invIA 
* allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, •• effect is significant at p < 0.01 
# percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
9 cp2, collapsed (shrunken sugary endosperm) 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the 
number of parameters in the model. 
S 
Table 3. (continued) 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
7 umc80 -6.6** 6.9 -6.2 3.1 amy 
8 bnl8.26 -5.2** 8.0 3.4 1.8 bt2 
9 umcl 13 -8.6** 13.1 5.8 2.0 shl 
Total adjusted R*= 69% 
3 
Table 4. Chromosomal location, estimates of effects, and partial R2 for QTL detected for stalk ADF in F3 lines 
of B73xDe811 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
1 umcl 3 4.8** 9.7 0.7 0.1 sh2 
1 bnl7.08 9.8** 30.8 4.3* 4.8 12 
2 umc34 7.0** 11.7 0.8 0.1 agpl 
2 umc5 10.2** 20.8 -8.6** 9.9 ZmCesA-3, -4; agp2; 
ugpl 
3 bnl8.35 4.0** 8.2 3.7* 3.2 bt2 
4 bnl5.46 -8.1** 24.3 0.7 0.1 cp2 
6 umc38a 5.7** 12.0 4.8* 3.5 sh2 
7 bnl 15.40 -0.8 0.2 5.3** 5.4 ZmCesA-4, -8 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, •• effect is significant at p < 0.01 
# percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
®cp2, collapsed (shrunken sugary endosperm) 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the 
number of parameters in the model. 
2 
Table 4. (continued) 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes® 
7 umcl 10 10.8** 21.6 4.9* 3.8 ufg(invlA) 
7 umc80 -5.2** 7.6 -3.5 1.8 amy 
8 bnl8.26 -3.5** 6.5 1.6 0.7 bt2 
9 umcl 13 -6.4** 13.9 4.3 2.3 shl 
Total adjusted R2> = 71% 
Table 5. Chromosomal location, estimates of effects, and partial R2 for QTL detected for stalk ADL in F3 lines 
of B73xDe811 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R1 Candidate Genes 
1 bnl7.08 2.2** 27.2 1.5** 8.5 
1 isu6 1.0** 7.3 -0.5 0.6 
2 umcS 2.7** 35.1 -0.6 1.0 
3 bnl8.35 1.1** 7.8 -1.1* 4.0 
3 umc60 -1.4** 12.0 -0.5 1.1 
4 umc42 -1.1** 9.7 -0.4 0.6 
6 umc38a 1.8** 18.9 0.5 0.5 
7 umcl 16 1.2 7.7 3.0** 20.9 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait. All effects were 
significant at p <0.01 
* percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the numbe 
of parameters in the model. 
S 
Table 5. (continued) 
Additive Dominance 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Candidate Genes 
7 umc35 -1.0 6.6 -0.4 0.5 px3 
9 umcl 13 -1.3 8.0 1.9* 4.6 
Total adjusted Rz$ = 62% 
3 
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CHAPTER 4. CHARACTERIZATION OF GENETIC COMPONENTS 
ASSOCIATED WITH RESISTANCE TO STALK TUNNELING BY 
THE EUROPEAN CORN BORER (OSTRINIA NUBILALIS (HUBNER)) 
IN RECOMBINANT INBRED LINES OF MAIZE (ZEA MA YS L.) 
A paper to be submitted to Crop Science 
Matthew D. Krakowsky1-2, Wendy L. Woodman-Clikeman1, Mary J. Long1, Natasha 
Sharopova1, and Michael Lee1,3 
Abstract 
The European com borer (ECB; Ostrinia nubilalis (Hubner)) is an important pest in 
temperate maize production. While considerable effort has been expended toward the genetic 
characterization of native resistance to stalk tunneling by ECB, the results thus far have been 
inconclusive. Recombinant inbred lines (RILs) can provide better estimates of the number 
and location of genes associated with expression of a trait than other types of segregating 
populations, and therefore may be more useful for quantitative trait loci (QTL) analyses. In 
this study, 191 RILs of B73 (susceptible to stalk tunneling by ECB) x De811 (resistant) were 
evaluated for stalk tunneling, anthesis and plant height in Iowa at two locations in 1998 and 
one location in 1999. Fourteen QTL for stalk tunneling associated with 49% of the 
phenotypic variation were observed in the mean environment, only three of which were 
'Graduate student, research assistant, research assistant, research assistant, and professor, 
respectively, Department of Agronomy, Iowa State University, Ames, IA 50011. 
^Primary researcher and author 
3Author for correspondence 
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detected in all the three individual environments. The lack of continuity of QTL across 
locations attests to the effect of environment on the expression of resistance. Four and five 
QTL herein were linked to QTL observed in F3 lines of the same cross and in RILs of B73 x 
B52, respectively and several QTL were also observed in other populations that were 
evaluated for stalk tunneling as well as in two tropical maize populations that were evaluated 
for leaf feeding by other borer species. The detection of QTL in similar genomic regions 
across populations provides further confirmation that the QTL have an effect on the 
expression of resistance to stalk tunneling. Anthesis and plant height were evaluated to assess 
their associations with stalk tunneling, and while the genetic correlation between stalk 
tunneling and plant height was relatively low (-0.10), the correlation with anthesis was very 
high (-0.80), indicating that the developmental stage of the plant can strongly affect the 
expression of resistance to stalk tunneling by ECB. 
Introduction 
The European com borer (ECB) (Ostrinia nubilalis (Hiibner)) is an important pest in 
temperate maize (Zea mays L.) production. In the U.S. Cornbelt ECB usually completes two 
generations in a growing season, with the first generation feeding primarily on leaf tissue 
(leaf-feeding generation) and the second feeding on leaf sheath and stalk tissues (stalk-
tunneling generation). Damage from ECB feeding results in broken stalks, dropped ears and, 
most significant in terms of yield loss, poor ear development. While germplasm with 
resistance to leaf feeding is readily available, resistance to stalk tunneling has been difficult 
to find (Mason et al., 1996). 
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For almost fifty years researchers have worked to understand the genetic basis of 
resistance to stalk tunneling and incorporate it into germplasm with other agronomically 
desirable traits (e.g., yield). Several inbred lines with resistance to stalk tunneling have been 
developed, including B52, DeSll, and Mo47 (Russell et al., 1971; Hawk, 1985; Barry et al., 
1995). While high heritabilities (0.63 - 0.78; Schon et al., 1993; Jampatong et al., 2002; 
Cardinal et al., 2001; Krakowsky et al., 2002) for resistance to stalk tunneling have been 
reported, the identification of the underlying genetic components has been hindered by 
environmental variation, a laborious and lengthy screening process, and the polygenic nature 
of the trait. Recent efforts in crop biotechnology to overcome some of these problems have 
succeeded in incorporating monogenic resistance into maize hybrids. While the new hybrids 
can protect farmers against economic losses from feeding by ECB larvae, the durability of 
this type of resistance is unknown. Exposure of a pest to a host that significantly reduces the 
pest's relative fitness can result in changes in the pest population that will allow it to 
overcome the negative effects of the host (Gould, 1986). For this reason, it is necessary to 
continue the effort to characterize the genes involved in native resistance. 
The benefits of using recombinant inbred lines (RILs) as compared with other types of 
replicated, segregating progeny for mapping quantitative trait loci (QTL) have been 
described by several authors (Burr et al., 1988; Cowen et al., 1988; Lander and Botstein, 
1989; Knapp and Bridges, 1990) and reviewed in some detail by Austin and Lee (1996). 
Briefly, the expected ratio of parental genotypes is 1:1, and this increased replication of 
homozygous parental genotypes results in increased power for testing differences between 
genotypic classes. Also, the reduced genetic variation within lines allows for greater 
precision of trait measurement and the additional recombination between linked loci should 
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allow for better resolution of linked QTL. In two sets of studies where QTL were detected in 
F3 and RIL populations of crosses of the same inbreds, more QTL were detected in the RILs 
(Austin and Lee, 1996; Cardinal et al., 2001). In addition, a greater percentage of the 
phenotypic variation (46% vs. 38%) was explained by the QTL observed in the RILs than the 
F3 lines of the B73 x B52 populations (Cardinal et al., 2001). Therefore, the objectives of this 
study are to map genetic factors for resistance to stalk tunneling by ECB in RILs of B73 x 
De811, to compare their locations with those of F3 lines from the same population and with 
other populations and to assess the genetic correlations between stalk tunneling and anthesis 
and plant height to determine if these traits have confounding effects on the evaluation of 
stalk tunneling. 
Materials and methods 
Plant materials 
The RILs were derived from a cross of inbreds B73 and De811. The Fi (B73 x De811) 
was self-pollinated to produce F2 lines that were advanced using the single-seed descent 
method to the F< generation. Inbred B73 is widely used in temperate maize breeding 
programs but is highly susceptible to stalk tunneling by ECB (Table 1). Inbred De811 
exhibits high levels of resistance to stalk tunneling in the stalk (Table 1). 
Field experiments 
The experiments were planted in three environments: the Agronomy and Agricultural 
Engineering Research Center (AAERC) near Ames, LA and the Hinds farm near Ames, LA on 
May 5th and May 1st 1998, respectively, and on May 20*, 1999 at the AAERC. Soil 
fertilization, weed control, and cultivation practices were consistent with optimum maize 
production for this region. The entries in each experiment consisted of200 RILs and five 
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entries each of B73 and De811. Entries were evaluated in 3.8 m single row plots arranged in 
a 14 x 15 alpha lattice design with two replications per environment in 1998 and four 
replications in 1999. 
Trait evaluation 
The evaluation of stalk tunneling has been described previously (Cardinal et al., 2001). 
Briefly, the first six plants in each plot were artificially infested with ECB larvae when 50% 
of the plots in an experiment had reached anthesis. A plot reached anthesis when 50% of the 
plants in the plot were shedding pollen. Newly hatched larvae were obtained from the USDA 
Corn Insect Laboratory (Ames, LA). The larvae were applied at three infestation points: the 
primary leaf axil, the first leaf axil above the primary ear, and the first leaf axil below the 
primary ear. Larvae were applied to each plant for three to four consecutive days for a total 
of300 larvae per plant. Approximately 60 days after infestation, the stalks were harvested 
from the field by removing the leaves, ears, and the two nodes below the tassel and cutting 
the stalk at soil level. The stalks were then split using a 14-inch band saw (R.L. Wilson, 
personal communication) and tunneling was recorded to the nearest centimeter for each of 
the six plants. Parallel tunnels were recorded only once. 
Plots were also evaluated for growing degree-days (GDD) to anthesis and plant height to 
assess their correlation with stalk tunneling. GDD were calculated for each day from planting 
to anthesis, according to the formula [(max. °C + min. °C)/2] - 10°C, where 10°C was used 
for the minimum temperature and 30°C was used for the maximum temperature if the actual 
temperatures exceeded those limits (Cross and Zuber, 1972). Plant height was measured on 
the ECB infested plants in the plot in 1998 as the distance (to the nearest 5 cm) from the soil 
level to the first node below the tassel, and in 1999 as the length of the harvested stalks. 
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Analysis of phenotypic data 
For each trait and entry, least square means (lsmeans) were calculated with complete and 
incomplete blocks as random effects and entries as fixed effects for each environment 
(Cardinal et al., 2001). Environments were also treated as random effects when calculating 
lsmeans for the mean environment. These means were used for the QTL analysis. Means of 
the two parental lines were calculated as the average of the lsmeans of the five entries in each 
environment. Genotype, genotype x environment, and error variance were calculated with 
environments, complete and incomplete blocks, and entries and the entry x environment 
interaction as random effects (Cardinal et al., 2001). Box's test (Milliken and Johnson, 1992) 
was used to test for homogeneity of error variances between environments. The error 
variances were only significantly different for stalk tunneling (p < 0.05), so the analyses were 
performed for only the mean environment for anthesis and plant height and for the individual 
environments for stalk tunneling-. Broad-sense heritabilities on an entry-mean basis and their 
exact confidence intervals were calculated according to established procedures (Knapp et al., 
1985; Fehr, 1987). Genotypic correlations (rg) were calculated using PROC GLM 
considering entries and environments as random effects (SAS Institute, Inc., 1990). 
QTL detection 
The protocols for DNA isolation, Southern hybridization, and collection of segregation 
data at RFLP loci have been described (Veldboom et al., 1994). One hundred and eight 
genomic and cDNA probes detected 113 RFLP loci. In addition, segregation data for 33 loci 
defined by simple sequence repeats (SSRs) were collected according to a standard protocol 
(Senior et al., 1996). One hundred ninety-one RILs were used for linkage mapping and QTL 
analysis. Eight RILs were excluded from all analyses due to detection of non-parental alleles 
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at more than 5% of the loci, and one RIL was excluded due to detection of hétérozygotes at 
more than 10% of the loci. 
Linkage analysis was performed using MAPMAKER/EXP v. 3.0 (Lander et al., 1987). 
Loci were assigned to linkage groups using the program's default settings (minimum i0g10 of 
the likelihood odds ratio (LOD) score 3.0, maximum distance between loci of 50 
centimorgans (cM)). Multipoint analysis was performed using the "order" command 
(informativeness criteria of 160 individuals, 2 cM between loci). In cases where a "best 
order" could not be determined due to close linkage, the least informative locus was excluded 
and the order command was used for the subset. The 146 loci comprised a genetic map of 
1551 cM with an average distance of 11.2 cM between loci. Segregation distortion was tested 
using the chi-square test, and forty-eight loci were significant atp< 0.05. Fifteen and seven 
had an excess of B73 and De811 alleles, respectively, while the rest had either an excess or 
dearth of hétérozygotes. 
QTL were detected using PlabQTL (Utz and Melchinger, 1996), which employs 
composite interval mapping (Jansen, 1993; Jansen and Stam, 1994; Zeng, 1994). Cofactor 
selection was performed as described (Utz and Melchinger, 1996, Austin et al., 2000). First 
the "cov select" option was used to select cofactors using stepwise regression. Cofactors not 
associated with QTL effects were eliminated from the model (Zeng, 1994). The LOD 
threshold value of 2.5 (default value) was used to declare the presence of a QTL. Previous 
reports suggest a LOD threshold value between 2 and 3 (Lander and Botstein, 1989) or a 
permutation test to calculate the LOD threshold value for a specified Type I error rate 
(Churchill and Doerge, 1994). The LOD threshold value of 2.5 has been used in similar 
studies of QTL in maize (Lûbberstedt et al., 1998; Cardinal et al., 2001 ; Krakowsky et al., 
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2002) and 1) allows for comparisons with the B73 x De811 F3 and B73 x B52 RIL 
populations (LOD > 2.5) and 2) minimizes the risk of a Type II error (i.e., missing a QTL). 
Then, the "cov/+ select" option was used to detect closely linked QTL of opposite effects. 
All QTL were then integrated into a model using the "seq/s" option in PlabQTL. Model 
selection was performed using forward and backward stepwise selection. If the Aikake 
Information Criteria (AIC) values of two models differed by less than 2.0, the model with the 
fewest parameters was chosen (Jansen, 1993; Cardinal et al., 2001). 
Digenic epistatic interactions between all pairs of loci were tested using Epistacy 
(Holland, 1998). Interactions with p < 0.00026 were considered significant. This threshold 
was based on an estimate of the number of independent linkage groups in maize with each 
chromosome arm representing one independent linkage group (Holland et al., 1997). 
Interaction terms were added to a model using PROC REG (SAS Institute, Inc., 1990). 
Interaction terms that increased the R-square of the model and were significant at P < 0.05 
were maintained in the model. 
Results and discussion 
Significant differences for stalk tunneling between the parents and among the RILs were 
observed in all environments (Table 1). Tunneling values higher than those of B73 and lower 
than those of De811 were observed among the RILs at all locations, indicative of 
transgressive segregation and the possibility that B73 carries alleles for resistance to stalk 
tunneling not present in De811. The means and variances for stalk tunneling herein were 
lower than those observed in the F3 lines of B73 x De811 (Krakowsky et al., 2002), possibly 
due to differences in environments and level of infestation. RILs of B73 x B52 were 
evaluated at Hinds and the AAERC for two years (1997 and 1998) under similar levels of 
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infestation, and the common environments in 1998 enhance comparisons between the two 
experiments. The genotypic variances for the mean environments are the same (21) and the 
heritabilities are similar (0.76 and 0.78; Cardinal et al., 2001). The relatively high broad-
sense heritabilities for stalk tunneling in both studies indicate that selection for reduced 
tunneling could be effective in these populations. 
Genetic loci associated with resistance to stalk tunneling were observed on all ten 
chromosomes. The fourteen QTL in the mean environment associated with 49% of the 
phenotypic variation were detected on chromosomes 1-7,9, and 10 (Table 2 and Figure 1). 
The relatively large proportion of QTL (6 of the 14) for which the allele from B73 was 
associated with a reduction in tunneling may explain the transgressive segregation observed. 
Epistatic effects were detected, but an adequate model that included all main effect QTL 
could not be developed with PROC REG. Twelve, eight, and sixteen QTL associated with 
37, 34, and 54% of the phenotypic variation were observed in Hinds 1998, AAERC 1998, 
and AAERC 1999, respectively. Twelve QTL from the mean environment are within 20 cM 
of QTL detected in at least one other environment, but only three QTL were observed in all 
environments, underscoring the influence of environment on expression of resistance to stalk 
tunneling. 
An additional QTL was detected on chromosome 1 (near csu691 ) in the mean 
environment but was not significant in the model with the other main effect QTL. This QTL 
was dependent on the inclusion in the model of a locus on chromosome 1 near cdo20 that did 
not exceed the threshold for detection (data not shown). A locus on chromosome 1 near 
umcl 1 was also significant in this "expanded" model. The alleles from De811 were 
associated with a decrease in tunneling for the QTL near phi097 and csu691, while the alleles 
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from B73 were associated with a decrease in tunneling for the QTL near cdo20 and umcl 1. 
The differences in allelic effects may explain why the QTL near csu691 was only significant 
in the "extended" model and why the QTL near cdo20 and umcl 1 did not exceed the LOD 
threshold. 
Consistent detection of QTL across generations can provide confirmation for the 
locations of genetic loci associated with stalk tunneling in a population. The B73 x De811 F3 
lines (Krakowsky et al., 2002) provide an opportunity to compare QTL across studies using 
the same germplasm and assess the effects of environment and population structure. As in 
previous studies (Mol7 x H99 and B73 x B52; Austin and Lee, 1996; Cardinal et al., 2001) a 
greater number of QTL (14 vs. 7) were detected and a greater percentage of the phenotypic 
variance (49% vs. 41%) was accounted for herein. Four QTL in the F3 lines of B73 x De811 
are within 25 cM of QTL detected herein on chromosomes 1 (csu691; see above), 3 (umclO) 
and 5 (isu92 and npi292; Krakowsky et al., 2002). In both studies the alleles from De811 
were associated with a decrease in tunneling. Of the additional three observed in the F3 lines, 
the other QTL on chromosome 1 is within 5 cM of a QTL in the "expanded" model herein, 
the QTL on chromosome 4 is not within 40 cM of QTL detected in any environment of the 
RILs, and the QTL on chromosome 8 is within 25 cM of QTL for Hinds 1998 and AAERC 
1999. On chromosome 8 the De811 allele is associated with an increase in tunneling for 
Hinds 1998 but a decrease in tunneling for AAERC 1999, probably resulting in the absence 
of any QTL on chromosome 8 in the mean environment. That most QTL in the F3 lines were 
also observed in the RILs provides confirmation for those QTL and for the increased 
sampling power of RILs, since the QTL in the F3 lines can be considered as a subset of those 
observed in the RILs. 
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Three other studies of stalk tunneling by ECB involving a common susceptible parent 
(B73) have been reported. Comparisons of QTL across populations, while complicated by 
sampling variation and differences in environments and methodology and limited by the 
number of common genetic loci, can provide an opportunity to assess genetic heterogeneity 
of a phenotype (van Ooijen, 1992; Jansen and Stam, 1994; Zeng, 1994; Visscher et al., 
1996). Herein all comparisons will be made between QTL for stalk tunneling detected in the 
mean environment (Table 2) and will be based on common marker loci. Nine QTL for stalk 
tunneling were detected in the B73 x B52 RILs on chromosomes 2, 3, 5, 7, 8, and 9, five of 
which are within 25 cM of QTL observed herein on chromosomes 2 (umc8 and phi 127), 3 
(umclO), 5 (npi292), and 9 (npi567). For one QTL (chromosome 2, umc8) the allele from 
B73 was associated with a reduction in tunneling herein but with an increase in tunneling in 
the RILs of B73 x B52, and that QTL had relatively large partial R2 values in both studies. 
Six and seven QTL were observed in F3 lines of B73 x B52 (B52 F3) and B73 x Mo47 (Mo47 
F3), respectively (Schôn et al., 1993; Jampatong et al., 2002). The QTL herein on 
chromosomes 2 (phi 127), 3 (umclO) and 7 (bnl7.61) and on chromosomes 6 (umc59) and 9 
(npi567) are within 25 cM of QTL observed in the B52 F3 and the Mo47 F3, respectively. 
The source (B73 or the resistant parent) of the alleles associated with decreased tunneling 
herein is the same in the B52 F3 and the Mo47 F3. While the comparisons with other studies 
provide further validation of QTL observed herein, the presence of unique QTL in 
populations evaluated in common environments (B73 x De811 and B73 x B52 F3 lines in 
1989 and RILs in 1998) may indicate that genetic heterogeneity for resistance to stalk 
tunneling by ECB is present in temperate maize inbreds. 
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QTL associated with stalk tunneling by ECB have also been identified in European dent 
germplasm. There is only one generation of ECB per growing season in Central Europe, but 
the infestation begins at a similar stage of plant development as the stalk tunneling generation 
observed in the US Combelt (Bohn et al., 1999). Six QTL for tunnel length were observed in 
F] lines derived from a cross of D06 (resistant to stalk tunneling by ECB) x D408 
(susceptible), three of which are within 25 cM the QTL observed herein on chromosomes 5 
(isu92), 9 (npi567) and 10 (npilOS). The detection of linked QTL between these populations 
is not completely unexpected since both resistant parents have inbreds in their pedigrees that 
were derived from the Iowa stiff-stalk synthetic (BSSS; MaizeDB, 
http://www.agron.missouri.edu/), and it provides further demonstrates the association of 
those loci with resistance to stalk tunneling. 
Resistance to leaf feeding and stalk tunneling by ECB in temperate maize has a low 
genotypic correlation (0.10-0.33; Russell et al., 1974; Sadehdel-Moghaddam et al., 1983; 
Klenke et al., 1986). However, nine QTL for stalk tunneling herein are in the same 
chromosomal regions as those detected for resistance to leaf feeding by the southwestern 
corn borer (SWCB, Diatraea grartdisella Dyar) and the sugarcane borer (SCB, Diatraea 
saccraralis Fabricius) in two tropical maize populations. The QTL herein on chromosomes 1 
(phi097), 2 (phil27), 3 (umclO), 5 (npi292), 6 (umc59 and bnl5.47), 7 (bnl7.61), 9 (npi567), 
and 10 (npilOS) are within 25 cM of QTL detected for SWCB and SCB (Groh et al., 1998). 
Linkage of QTL for stalk tunneling by ECB and leaf feeding by SWCB and SCB has also 
been reported in other studies (Bohn et al., 2000; Cardinal et al., 2001) and the QTL may 
represent gene clusters affecting resistance (McMullen and Simcox, 1995) or a common to 
mechanism of resistance to different insect pests. Resistance to leaf feeding by ECB in 
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temperate maize is usually associated with the chemical 2,4-dihidroxy-7-methoxy-1,4-
benzoxazin-3-one (DIMBOA), but exotic germplasm with low levels of DIMBOA and 
resistance comparable to temperate inbreds with high levels of the chemical has been 
observed (Sullivan et al., 1974; Abel et al., 1995). Leaf feeding by ECB, SWCB and SCB 
were highly correlated in a diallel of nine exotic and one temperate inbreds (Thome et al., 
1992), and the mechanisms conferring resistance to leaf feeding these pests may also confer 
resistance to stalk tunneling by ECB (and possibly to SWCB and SCB). 
Anthesis and plant height may confound the evaluation of resistance to stalk tunneling 
because larval survival is affected by availability of pollen and the length of the stalk may 
determine the amount of tunneling observed (Dicke, 1950; Coors, 1987). Significant 
differences among the parents were observed for both traits, and the heritabilities were 
relatively high (Table 1). The genetic correlations between ECB and plant height and 
anthesis were -0.10 (standard error (S.E.) = 0.11) and -0.80 (S.E. = 0.03), respectively, and 
the QTL data are in concordance with the correlations. Therefore, plant height was not a 
limiting factor in the amount of tunneling observed, but anthesis was strongly associated with 
the expression of resistance to stalk tunneling. The correlation of stalk tunneling with 
anthesis is much higher than in previous studies (0.14-0.49; Bohn et al., 2000; Cardinal et al., 
2001; Krakowsky et al., 2002). Sixteen and seventeen QTL for plant height and anthesis 
were observed on all ten chromosomes (Tables 3 and 4), seven and nine of which were 
linked to QTL for stalk tunneling, respectively. The expected relationship between stalk 
tunneling and plant height (i.e., the allele(s) derived from one inbred is associated with an 
increase both traits) was only observed for one QTL (chromosome 9, npi567), hence the 
negative correlation, while for all nine linked QTL of stalk tunneling and anthesis the 
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allele(s) associated with a decrease in one trait was associated with an increase the other. The 
association between anthesis and stalk tunneling may be strongly influenced by environment, 
since the genetic correlations for 1998 and 1999 were -0.31 (S.E. = 0.07) and -0.57 (S.E. = 
0.05), respectively. Because of the close proximity of neighboring rows it is unlikely that 
plants that had not reached anthesis before infestation would be void of pollen, so other 
changes in the plant (chemical, physiological, morphological, etc.) that occur during the shift 
from the vegetative stage to the reproductive stage were probably associated with a reduction 
in tunneling by the ECB larvae. 
In summary, genetic loci on all ten chromosomes of the maize genome were associated 
with resistance to stalk tunneling, several of which were linked to QTL observed in other 
studies. The majority of the QTL observed in the F3 lines of the same cross (B73 x De811) 
were also detected herein, indicating that sampling of progeny may be as important as 
sampling of environments for detection of QTL for stalk tunneling in these populations. Nine 
of the fourteen QTL detected herein were also observed in at least one other study of ECB 
stalk tunneling, and this provides further evidence of genes associated with resistance at 
those loci. QTL for stalk tunneling may also be associated with resistance to leaf feeding 
tropical pests, as evidenced herein and in other studies. A high genetic correlation between 
anthesis and stalk tunneling was observed herein and it may be related to the combining of 
environments, as the correlations from individual years and from the F3 lines of the same 
population are much lower. QTL detected herein could be used in a marker-assisted selection 
program to increase levels of native resistance to stalk tunneling by ECB in temperate maize 
germplasm. 
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Figure 1. Linkage map of B73 xDe81l RIL population. Underlined loci exhibited segregation distortion (p < 0.05). Solid 
shapes (e.g.| ) denote QTL for which the allele from De811 is associated with an increase in the trail, while striped shapes 
(e.g.|Q) denote QTL for which the allele from B73 is associated with an increase in the trait. 
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Table 1: Phenotypic data for the parents and RILs off B73 x De811 
B73 DeSll RILs 
Trait Environment Mean Mean Mean Range o*. 95% CI* o*. 95% CI H* 95% CI 
Stalk cm — 
Tunneling1 
Hinds 1998 10 5 9 1-28 9 6-13 10 8-13 
AAERC 1998 35 13 26 6-62 69 53-94 48 39-60 
1999 19 8 14 4-33 24 19-31 23 20-27 
Mean 21 8 16 5-32 21 16-28 31 28-34 0.76 0.71-0.80 
Anthesis2 GDD — 
Mean 826 915 857 795-958 699 564-888 684 634-739 0.89 0.87-0.91 
Plant Height3 • cm 
Mean 173 186 169 109-213 379 311-471 90 82-100 0.95 0.94-0.96 
*95% confidence interval 
LSD for Stalk Tunneling: AAERC 1998: RILs4 = 10, Parents5 = 3; Hinds 1998: RILs = 15, Parents = 7; 
1999: RILs = 9, Parents = 4; Mean: RILs = 8, Parents= 6 
2LSD for Anthesis: Mean: RILs* = 30, Parents** = 12 
3LSD for Plant Height: Mean: RILs* = 14, Parents** = 10 
4RILs = comparison among RILs 
'Parents = comparison among parents 
Table 2. Location, effect, and partial R of OTL for ECB stalk tunneling in RILs of B73 x De8 1 
Chrom. Genetic locus Effect* (cm) Partial R2* Effect (cm) Partial R2 Effect (cm) Partial R2 Effect (cm) Partial R2 
Mean Environment Hinds 1998 AAERC 1998 AAERC 1999 
1 phi097 -0.8** 4.4 
1 umcll 0.7** 4.4 -1.2** 10.4 
1 isu6 1.0** 6.2 
2 umc8 1.9** 18.0 1.2** 11.5 3.3** 13.7 2.0** 20.2 
2 phi 127 -1.3** 10.4 -1.0** 8.0 -2.2** 6.2 -1.0** 5.6 
3 umclO -0.9** 5.2 -0.7** 3.7 
3 bnl6.16 
-1.2** 8.3 
4 ncl35 -1.2** 7.8 
-1.6** 4.0 
4 bnl7.65 0.7** 4.1 
5 isu92 -1.0** 6.8 -1.1** 7.2 
5 umcl 24b 
-1.0** 7.0 
5 npi292 -1.1** 6.9 -1.2** 11.6 
-1.2** 8.4 
6 umc59 -1.7** 14.5 
-3.4** 13.1 -1.5** 11.1 
6 bnl5.47 1.3** 9.5 2.0** 4.5 1.2** 8.9 
7 asg8 1.0** 7.0 1.7** 4.7 
7 umcl 36 0.9** 8.7 1.4** 11.5 
7 bnl7.61 0.9** 4.8 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait 
•effect is significant at p < 0.05, ** effect is significant at p < 0.01 
"percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
^percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the number 
of parameters in the model. 
Table 2. (continued) 
Chrom. Genetic locus Effect (cm) Partial R2 Effect (cm) Partial R2 Effect (cm) Partial R2 Effect (cm) Partial R2 
Mean Environment Hinds 1998 AAERC 1998 AAERC 1999 
7 bnl8.44a -0.8** 4.2 
8 umc48 0.8** 6.1 -1.6** 13.2 
9 umcl 09 -1.0** 4.9 
9 npi567 1.1** 7.9 0.7* 4.1 2.5** 7.6 1.9** 10.7 
9 bnlgl27 -1.0** 4.5 
9 umc95 0.6* 3.4 
9 csu54 0.9** 5.6 0.8** 3.8 
10 npilOS -1.6** 12.7 -2.0** 5.2 -2.0** 20.1 
Total adj. R2$ = 49% Total adj. R2 = 37% Total adj. R2 = 34% Total adj. R2 = 54% 
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Table 3. Location, effect, and partial R2 of QTL for anthesis in RILs of 
B73 x DeSll 
Chrom. Genetic locus Effect* (cm) Partial R2* 
1 csu691 5.8 7.1 
1 umc29 6.6 8.1 
1 bnl7.08 -7.7 14.9 
2 umc259 -7.3 14.9 
3 npilOS 6.3 10.4 
3 csu25 8.0 14.9 
4 bnlgl318 5.4 8.3 
5 umc90 6.1 9.2 
5 bnl5.02 -10.0 15.3 
5 bnl7.71 11.1 20.1 
5 phi085 5.0 6.7 
6 bcd738 -4.7 6.1 
7 umc56 -6.0 10.0 
7 umcl 68 6.3 10.4 
9 csu54 -5.0 7.0 
10 npilOS 7.9 15.2 
10 isulOl -5.8 8.7 
Total adjusted R2 = 60% 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of 
the trait. All effects were significant at p < 0.01. 
'percentage of phenotypic variation explained by the QTL, maintaining all other QTL 
effects fixed. 
^percentage of phenotypic variation explained by a model including all QTL as main 
effects and adjusted for the number of parameters in the model. 
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Table 4. Location, effect, and partial R2 of QTL for plant height in RILs of 
B73 x DeSll 
Chrom. Genetic locus Effect * (cm) Partial R2* 
1 umcl57 -3.9 6.3 
1 csu691 7.0 14.7 
1 csu3 6.3 15.0 
1 bnl6.32 3.5 6.5 
2 bnl8.45 -6.5 15.2 
2 dupssr21 -4.9 12.1 
4 agrrllS 3.2 5.9 
4 phi093 4.1 7.9 
5 bnlg609 2.9 4.7 
6 bnl5.47 -3.7 7.3 
7 npi400b -3.8 4.9 
7 umcl 10 -4.3 8.2 
8 bnlgl99 -3.0 5.5 
9 php10005 4.7 7.4 
9 umcl 13 -6.1 8.0 
9 npi567 6.5 11.7 
Total adjusted R25 = 57% 
%allele from DeSll is associated with an increase (+) or decrease (-) in the value of 
the trait. All effects were significant at p < 0.01. 
"percentage of phenotypic variation explained by the QTL, maintaining all other QTL 
effects fixed. 
'percentage of phenotypic variation explained by a model including all QTL as main 
effects and adjusted for the number of parameters in the model. 
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CHAPTER 5. QUANTITATIVE TRAIT LOCI FOR CELL WALL COMPONENTS 
IN RECOMBINANT INBRED LINES OF MAIZE (ZEA MAYS L.) 
by 
Matthew D. Krakowsky1, James G. Coors2, and Michael Lee3 
Abstract 
Maize silage is a significant energy source for ruminant animal production, and the 
digestibility of forage material is an important consideration when selecting varieties for use 
as animal feed. Fiber and lignin are negatively correlated with digestibility of feed by 
animals and so development of forage with reduced levels of these components is desirable. 
While variability for fiber and lignin is present in maize germplasm, traditional selection was 
focused on improving the yield of the ear rather than the whole plant, and little has been 
reported on the genetics of fiber and lignin. In this study, 191 recombinant inbred lines of 
B73 (low-intermediate levels of cell wall components (CWCs)) x De811 (high levels of 
CWCs) were analyzed for quantitative trait loci (QTL) associated with CWCs. Leaf sheath 
and stalk samples were harvested from plots at two locations in 1998 and one in 1999 and 
assayed for neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent 
lignin (ADL). Recombinant inbred lines were used 
'Graduate Assistant, primary researcher, and author, Department of Agronomy, Iowa State 
University, Ames, LA 50011. 
2Professor, Department of Agronomy, University of Wisconsin, Madison, WI 53706 
3Professor and author for correspondence, Department of Agronomy, Iowa State University, 
Ames, IA 50011 
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due to the advantages such populations provide over other types of replicated, segregating 
progeny, and leaf sheath and stalk tissues were assayed separately to determine the 
significance of tissue-specific gene expression for CWCs. QTL were detected on all ten 
chromosomes, most in tissue-specific clusters in concordance with the high genetic 
correlations for CWCs within the same tissue. The low to moderate genetic correlations for 
the same CWC across tissues indicate that some genes for CWCs may only be expressed in 
certain tissues. Many of the QTL herein were detected in other populations, and most are 
linked to candidate genes for cellulose or starch biosynthesis. The genetic information 
obtained in this study should be useful for efforts to improve the quality of maize forage. 
Introduction 
Maize silage is an important forage in animal production operations, especially for beef 
and dairy cattle. Silage is considered a high-energy feed that's value is partially determined 
by the efficiency of conversion of forage to animal product, which is affected by the 
digestibility of the forage, animal intake, and efficiency of feed utilization (Roth et al., 1970; 
Deinum and Struik, 1986). Maize breeders have traditionally selected silage varieties on the 
basis of grain yield since grain is highly digestible, but more recent efforts have focused on 
improving the digestibility of the whole plant (Hunter, 1978; Deinum and Struik, 1989; 
Dhillon et al., 1990; Wolf et al., 1993). The change in breeding methods has lead to increased 
research on the factors limiting digestibility of stover, in particular fiber and lignin (Utz et al., 
1994; Lundvall et al., 1994; Lubberstedt et al., 1998; Méchin et al, 2001). 
Fiber and lignin, which can be quantified as neutral detergent fiber (NDF), acid detergent 
fiber (ADF), and acid detergent lignin (ADL), have been negatively correlated with 
digestibility (-0.53 < r < -0.91), and selection for reduced fiber and lignin should improve the 
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digestibility of forage maize (Hunt et al., 1992; Wolf et al., 1993; Van Soest, 1994). Fiber 
and lignin are components of the plant cell wall, with NDF composed mostly of cellulose, 
hemicellulose, and lignin and ADF composed largely of cellulose and lignin. Genetic 
variability for fiber and lignin is present in temperate maize germplasm, and selection has 
successfully altered levels of cell wall components (CWCs) (Zimmer and Wermke, 1986; 
Buendgen et al., 1990; Dhillon et al., 1990; Lundvall et al., 1994; Beeghly et al., 1997). 
Genetic analyses of CWCs should account for the possibility tissue-specific gene 
expression. Most reports on genetic variability and QTL of CWCs in maize have focused on 
analysis of whole plant or stover samples, but in the experiments where plant tissues were 
separated before analysis, low correlations between the same CWC in different tissues were 
observed (Lundvall et al., 1994; Beeghly et al., 1997; Cardinal, 1999). There are many 
examples of tissue-specific gene expression in maize (e.g., zein genes, PI, and Sh2; Heideker 
and Messing, 1986; Neuffer et al., 1997), and CWCs may also be expressed in this manner. 
A wide range of heritabilities has been reported for NDF, ADF and ADL (0.24-0.96), 
indicating that differences in germplasm and evaluation methods can greatly affect the 
analysis of CWCs (Ferret et al., 1991 ; Lûbberstedt et al., 1997; Cardinal, 1999). Only a few 
studies of quantitative trait loci (QTL) for CWCs have been performed, and while QTL are 
localized on sixteen of the twenty chromosome arms of maize, there is little consistency 
across studies (Lûbberstedt et al., 1997; Cardinal et al., 2000; Méchin et al., 2001). Candidate 
genes for cellulose synthases (ZmCesA 1 - ZmCesA9) and mutants in the lignin biosynthesis 
(bm 1 -bm4) have been identified and mapped in the maize genome, but these represent only a 
small fraction of the genes involved in these pathways. A greater understanding of the 
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genetics of CWCs should enhance efforts to alter their concentration and composition and 
improve the value of maize as forage. 
Recombinant inbred lines (RILs) have several advantages for mapping quantitative 
trait loci (QTL) as compared with other replicated, segregating progeny (e.g. F3 lines) (Burr 
et al., 1988; Cowen et al., 1988; Lander and Botstein, 1989; Knapp and Bridges, 1990; 
reviewed by Austin and Lee, 1996). The increased replication of homozygous parental 
genotypes, the reduced genetic variation within lines, and the additional recombination 
between linked loci allow for greater precision of trait measurement, increased power for 
testing differences, and better resolution of linked QTL. More QTL have been observed in 
RILs than F3 lines derived from the same inbreds and evaluated for the same traits (Austin 
and Lee, 1996; Cardinal et al., 2001). Therefore, RILs will be used to map QTL for CWCs 
herein. The objectives of this study were to assess genotypic and environmental components 
of cell wall components in the leaf sheath and stalk of RILs of B73 x De811, calculate the 
genotypic correlations between CWCs within and between sheath and stalk, map QTL for 
NDF, ADF and ADL in the sheath and stalk, and to compare QTL mapped herein with those 
of F3 lines from the same population and with other populations. 
Materials and methods 
Plant materials 
The RILs were derived from across of inbreds B73 and De811. The Fi (B73 x De811) 
was self-pollinated to produce F% lines that were advanced using the single-seed descent 
method to the F& generation, and Fg-derived F? (Fg ?) lines were used in the experiments. 
Inbred B73 is widely used in temperate maize breeding programs and has low to intermediate 
levels of CWCs (Table 1). Inbred De811 has high levels of CWCs (Table 1). 
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Field experiments 
The experiments were planted in three environments: the Agronomy and Agricultural 
Engineering Research Center (AAERC) near Ames, LA and the Hinds farm near Ames, LA on 
May 5* and May 1st 1998, respectively, and on May 20th, 1999 at the AAERC. Soil 
fertilization, weed control, and cultivation practices were consistent with optimum maize 
production for this region. The entries in each experiment consisted of200 RILs and five 
entries each of B73 and De811. Entries were evaluated in 3.8 m single row plots arranged in 
a 14 x 15 alpha lattice design with two replications per environment in 1998 and four 
replications in 1999. 
Trait evaluation 
The harvest of tissue samples has been described previously (Cardinal, 1999). Entries 
were harvested approximately one week after 50% of the plots in an experiment had reached 
anthesis. A plot reached anthesis when 50% of the plants in the plot were shedding pollen. 
Leaf sheaths and stalks were sampled from the three internodes above and one intemode 
below the primary ear and dried for one week at 60°C. In 1998, stalk tissue was only 
harvested from one replication at each location, while in 1999 it was harvested from all 
replications. The analysis of the sheaths and stalks has been also described (Beeghly et al., 
1997). Briefly, the samples were scanned using NIR spectroscopy, and prediction equations 
were developed using data collected from a subset of samples analyzed using the Van Soest 
detergent method (Robertson and Van Soest, 1980). The R2 values of those equations for 
each year were 0.92-0.98 for sheath and stalk ADF and NDF, and 0.61-0.84 for stalk and 
sheath ADL. NDF, ADF, and ADL were measured in grams per kilogram dry matter (DM). 
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Analysis of phenotypic data 
For each trait and entry, least square means (lsmeans) were calculated with complete and 
incomplete blocks as random effects and entries as fixed effects for each environment 
(Cardinal et al., 2001). Environments were also treated as random effects when calculating 
lsmeans for the mean environment and these means were used for the QTL analysis. Means 
of the two parental lines were calculated as the average of the lsmeans of the five entries in 
each environment Genotype, genotype x environment, and error variance were calculated 
with environments, complete and incomplete blocks, and entries and the entry x environment 
interaction as random effects (Cardinal et al., 2001). Broad-sense heritabilities on an entry-
mean basis and their exact confidence intervals were calculated according to established 
procedures (Knapp et al., 1985; Fehr, 1987). Genetic correlations (rg) were calculated using 
PROC GLM considering entries and environments as random effects (SAS Institute, Inc., 
1990). 
QTL detection 
The protocols for DNA isolation, Southern hybridization, and collection of segregation 
data at RFLP loci have been described (Veldboom et al., 1994). One hundred and eight 
genomic and cDNA probes detected 113 RFLP loci. In addition, segregation data for 33 loci 
defined by simple sequence repeats (SSRs) were collected according to a standard protocol 
(Senior et al., 1996). One hundred ninety-one RILs were used for linkage mapping and QTL 
analysis as eight RILs were excluded from all analyses due to detection of non-parental 
alleles at more than 5% of the loci and one RIL was excluded due to detection of 
hétérozygotes at more than 10% of the loci. 
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Linkage analysis was performed using MAPMAKER/EXP v. 3.0 (Lander et al., 1987). 
Loci were assigned to linkage groups using the program's default settings (minimum logic of 
the likelihood odds ratio (LOD) score 3.0, maximum distance between loci of 50 
centimorgans (cM)). Multipoint analysis was performed using the "order" command 
(informativeness criteria of 160 individuals, 2 cM between loci). In cases where a "best 
order" could not be determined due to close linkage, the least informative locus was excluded 
and the order command was used for the subset. The 146 loci comprised a genetic map of 
1551 cM with an average distance of 11.2 cM between loci. Using a chi-square test, forty-
eight of the 146 loci exhibited segregation distortion at p< 0.05, with an excess of B73 and 
De811 alleles at fifteen and seven of those loci, respectively. The other 26 loci had either an 
excess or dearth of hétérozygotes. 
QTL were detected using PlabQTL (Utz and Melchinger, 1996), which employs 
composite interval mapping (Jansen, 1993; Jansen and Stam, 1994; Zeng, 1994). Cofactor 
selection was performed as described (Utz and Melchinger, 1996, Austin et al., 2000). First 
the "cov select" option was used to select cofactors using stepwise regression. Cofactors not 
associated with QTL effects were eliminated from the model (Zeng, 1994). The LOD 
threshold value of 2.5 (default value) was used to declare the presence of a QTL. Previous 
reports suggest a LOD threshold value between 2 and 3 (Lander and Botstein, 1989) or a 
permutation test to calculate the LOD threshold value for a specified Type I error rate 
(Churchill and Doerge, 1994). The LOD threshold value of 2.5 has been used in similar 
studies of QTL in maize (Lûbberstedt et al., 1998; Cardinal et al., 2001) and 1) allows for 
comparisons with the B73 x De811 F3 and B73 x B52 RIL populations (LOD > 2.5; Cardinal 
et al., 2001 ; Krakowsky et al., 2002a) and 2) minimizes the risk of a Type H error (i.e., 
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missing a QTL). Then, the "cov/+ select" option was used to detect closely linked QTL of 
opposite effects. All QTL were then integrated into a model using the "seq/s" option in 
PlabQTL. Model selection was performed using forward and backward stepwise selection. If 
the Aikake Information Criteria (AIC) values of two models differed by less than 2.0, the 
model with the fewest parameters was chosen (Jansen, 1993; Cardinal et al., 2001). 
Digenic epistatic interactions between all pairs of loci were tested using Epistacy 
(Holland, 1998). Interactions with P < 0.00026 were considered significant. This threshold 
was based on an estimate of the number of independent linkage groups in maize with each 
chromosome arm representing one independent linkage group (Holland et al., 1997). 
Interaction terms were added to a model using PROC REG (SAS Institute, Inc., 1990). 
Interaction terms that increased the R-square of the model and were significant at p < 0.05 
were retained in the model. 
Results 
Phenotypic data 
Significant differences between the inbred parents and among the RILs were observed for 
all CWCs in the sheath and stalk (Table 1). Transgressive segregation was observed for two 
CWCs in the sheath (NDF and ADL), which may indicate that some B73 alleles are 
associated with higher levels of sheath CWCs than the De811 alleles. Transgressive 
segregation was not observed for CWCs in the stalk. Variability for CWCs in the stalk was 
much greater than the sheath, possibly due to the more heterogeneous composition of stalk 
tissue (e.g., pith, rind, node). Heritabilities for NDF and ADF in the stalk and sheath were 
very high (0.90-0.93), while those for ADL were much lower (0.67-0.68). The R-square 
values for the prediction equations were much lower for ADL (0.61-0.84) than for NDF and 
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ADF (0.92-0.98), and this may have contributed to the relatively high error variances and 
low heritabilities. 
Genetic correlations between CWCs in the same tissue were much higher than those for 
the same CWC in different tissues, and correlations of all CWCs with anthesis were low. The 
genetic correlations for sheath NDF and ADF and stalk NDF and ADF were 0.90 and 0.99, 
respectively, while the values for stalk and sheath NDF and stalk and sheath ADF were 0.34 
and 0.40, respectively, indicating that the expression of CWCs may be tissue specific. 
Correlations could not be calculated with ADL in the sheath or stalk, possibly due to the 
relatively large error variances associated with these traits (data not shown). The correlations 
between sheath NDF and ADF and anthesis were both 0.02, while those for stalk NDF and 
ADF were -0.10 and -0.16, respectively, indicating there is little association between 
anthesis and CWCs in this population. 
Main effect QTL 
QTL for sheath NDF and ADF were detected on nine chromosomes and were associated 
with almost 60% of the genotypic variation for each trait (Table 2 and Figure 1). Eight of the 
eleven QTL for NDF are within 10 cM of QTL for ADF, and at these linked QTL the allele 
associated with an increase in NDF was derived from the same parent as the allele associated 
with an increase in ADF, in concordance with the high genetic correlation. The De811 allele 
was associated with an increase in NDF and ADF at 5 and 8 QTL, respectively. That 
transgressive segregation observed for sheath NDF but not ADF may be due to the greater 
proportion of NDF QTL for which the B73 allele is associated with an increase in the trait. 
The QTL for sheath ADL were observed on nine chromosomes and a simultaneous fit of 
the thirteen QTL accounted for 51% of the phenotypic variation (Table 3 and Figurel). One 
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QTL on chromosome 8 (bnlgl056) explained almost 15% of the phenotypic variation, while 
the other QTL explained 5 to 11%. The De811 allele was associated with an increase in 
sheath ADL at seven of the QTL and, as with sheath NDF, the transgressive segregation 
observed may be due to a high proportion of the QTL at which the allele from B73 is 
associated with an increase in ADL. Eight QTL for sheath ADL were linked (within 20 cM) 
of QTL for sheath ADF and NDF. 
QTL accounting for relatively large proportions of the phenotypic variation (>20%) were 
observed on chromosomes 1 (csu691) and 2 (umc34) for stalk NDF and on chromosomes 2 
(umc34) and 3 (bnlg420) for stalk ADF (Table 4 and Figure 1). The simultaneous fit of the 
16 QTL for NDF and the 17 QTL for ADF explained 70 and 69% of the phenotypic 
variation, respectively and the allele from De811 was associated with an increase in NDF and 
ADF at eleven QTL for each trait. All QTL for NDF were linked to QTL for ADF, though on 
chromosome 3 two QTL were observed for NDF (bnl8.35 and bnlg420) and only one for 
ADF (bnlg420). It is possible that the multiple loci affecting ADF are present but that only a 
single LOD peak was observed during analysis, or that the two QTL for NDF actually 
represent a single locus. 
The De811 allele was associated with an increase in ADL for five of the nine QTL for 
stalk ADL that were observed on chromosomes 1, 2,3, 5,6, 7, and 9 (Table 5 and Figure 1). 
Two QTL on chromosomes 1 (umc33a) and 6 (bnl5.47) were associated with 20 and 18% of 
the phenotypic variation, respectively, while the simultaneous fit of all QTL explained 46% 
of the variation. Seven QTL for stalk ADL are within 20 cM of QTL for stalk NDF or ADF. 
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Epistatic QTL 
Significant digenic epistatic effects were detected for all CWCs using Epistacy, but 
models in Proc GLM in which all the main effect QTL were significant could only be 
developed for stalk ADF and ADL. A significant interaction for stalk ADF was observed 
between loci on chromosomes 2 (bnl8.45) and 8 (bnlgl 19), and the inclusion of the 
interaction term in the model improved the percentage of phenotypic variation explained by 
2% (data not shown). RILs with the B73 allele at one locus and the De811 allele at the other 
average 1-1.5 g/kg DM less ADF than RILs with either B73 or De811 alleles at both loci. 
RILs with the B73 allele at isu6 (chromosome 1) and the De811 allele at phil28 
(chromosome 5) or with the De811 allele at phpl0017 (chromosome 5) and the B73 allele at 
bnlgl 19 (chromosome 8) averaged 2.5-4 g/kg DM less ADL than RILs with other 
combinations of alleles at those loci, and the addition of the interaction terms to the model 
increased the total phenotypic variation explained by the model by 6 and 4%, respectively 
(Table 5). An interaction between loci on chromosomes 4 (umcl56) and 8 (bnl8.44b; p = 
0.00027) did not exceed the threshold for significance but the interaction term was significant 
in the model and improved the percentage of phenotypic variation explained by almost 5% 
(data not shown). The model in PROC GLM containing main effect QTL and the three 
epistatic interactions explained 69% of the phenotypic variation, while the model containing 
only main effect QTL explained 54% (data not shown). 
Discussion 
The clustering of QTL within the stalk and sheath appears to be non-random, and the 
observance of tissue-specific patterns in other studies provides further confirmation of this 
hypothesis (Cardinal, 1999; Krakowsky et al., 2002a). Some possible explanations for non-
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random clustering of QTL are: 1) The genes for various CWCs are grouped together in the 
genome, 2) The QTL are regulatory genes controlling cell wall synthesis, 3) cell wall 
synthesis is limited by one factor, and an increase in that factor leads to an increase in all 
components, 4) detection of a QTL for a CWC is based on QTL for its subfraction(s) (e.g., 
ADF is a subfraction of NDF), or 5) ADL affects the quantification of other CWCs. None of 
these can be ruled out, though possibilities 1 and 5 seem less plausible than the others since 
the clustering of genes for the different biochemical pathways involved in cell wall synthesis 
seems unlikely, and many of the clusters consist only of QTL for NDF and ADF and not 
ADL. 
Many of the QTL in this study may have sequence homology due to large-scale 
chromosomal duplications present in the maize genome. These duplications may be the result 
of an ancient tetraploid event or internal duplication and have been characterized with 
molecular markers (Helentjaris et al., 1988; Gaut, 2001). Some regions containing QTL 
appear to be duplicated in the genome (e.g. chromosomes 1 (near isu6) and 5 (near csul64), 
2 (near isul47) and 10 (near umcl084), and 4 (near bnl7.65) and 5 (near npi292)), while 
others appear to be present in multiple copies (e.g. chromosomes 1 (near umcl64 and 
bnlgl 598), 2 (umc8), 3 (bnl8.35-umc26), 7 (bnl8.44) and 10 (npilOS)). The clusters of QTL 
in the homologous regions do not follow the same patterns of tissue specificity (e.g., one 
region may contain QTL for both sheath and stalk tissue, while the other only QTL for 
sheath), and it is possible that after duplication there was a loss (or gain) of function in 
certain tissues. Detection of QTL in homologous sequences in different regions of the 
genome provides further evidence of an association between those sequences and expression 
of CWCs. 
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The QTL herein can be compared with those observed in F3 lines derived from the same 
hybrid (B73 x De811) to ascertain some of the effects of population structure and 
environment on detection of QTL for CWCs. One hundred and nine of the RILs were derived 
directly from F3 lines used in the previous study, reducing the effect of sampling on 
comparisons between the studies. Ten QTL each were observed for sheath NDF and ADF in 
the F3 lines of B73 x De811, four and five of which are within 15 cM of QTL herein, 
respectively (sheath ADL was not measured in the F3). The number of QTL for sheath NDF 
and ADF and the amount of phenotypic variation explained between the studies were similar. 
Three QTL for sheath NDF and ADF in the F3 with relatively large partial R2 values (>10%; 
chromosomes 1, umcl 1; 3, bnl8.15; and 7, umcl 10) were not observed in the RILs, possibly 
due to differences in the environments between the studies. Eleven, twelve and nine QTL for 
stalk NDF, ADF and ADL were observed in the F3 lines, seven, eight and five of which are 
within 25 cM of QTL for the respective CWCs herein. A larger number of QTL for stalk 
NDF and ADF were observed in the RILs than the F3 lines, though the amount of phenotypic 
variation explained did not vary between the studies. For stalk ADL, the number of QTL was 
similar between the studies, but the variation explained was much lower in the RILs. These 
apparent discrepancies in the percentage of the phenotypic variation explained by the models 
in the different populations may have resulted from inflation of the size of the genetic effects 
in the F3 lines due to the smaller sample size. 
The RILs of B73 x B52 provide an opportunity for comparisons of QTL for CWCs across 
studies that have a common parent (B73) and that were grown in common environments 
(Cardinal, 1999). Genetic variances for CWCs were similar between studies for sheath and 
stalk ADF, but higher for sheath and stalk NDF and ADL in the RILs of B73 x B52. 
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Heritabilities were similar across studies for sheath NDF and ADF and significantly lower 
herein for all other CWCs, but the actual differences were relatively small for stalk NDF and 
ADF, for which heritabilities in both studies were above 0.90. The heritabilities herein for 
sheath and stalk ADL were much lower (0.67 and 0.68, respectively) than therein (0.87 and 
0.93), possibly due to the large differences in the R2 values for the prediction equations used 
related the NIR data with the Van Soest method data (0.61-0.84 herein, 0.83-0.93 for RILs of 
B73 x B52; Cardinal, 1999). Comparisons of QTL across populations, while complicated by 
sampling variation and differences in environments and methodology and limited by the 
number of common genetic loci, can provide an opportunity to further validate the 
association between a genomic region and a QTL (van Ooijen, 1992; Jansen and Stam, 1994; 
Zeng, 1994; Visscher et al., 1996). Herein all comparisons will be made between QTL for 
stalk tunneling detected in the mean environment (Table 2) and will be based on common 
marker loci. The QTL for sheath NDF and ADF herein on chromosomes 3 (rz543a), 7 (asg8), 
8 (bnl8.26), 9 (isu3) and 10 (NDF near npilOS and ADF at near umcl084), sheath ADL on 
chromosomes 3 (rz543a and umc26) and 7 (bnlg398), stalk NDF and ADF on chromosomes 
1 (umc33a), 2 (umc34 and phil27), 5 (isu92, bnlg609 and npi292), and 10 (npilOS) and stalk 
ADL on chromosomes 1 (umc33a), 2 (phi 127), 3 (php20042), 5 (bnll0.12 and phi 128), and 6 
(bnl5.47) are within 20 cM of QTL for the respective CWCs in the RILs of B73 x B52. In 
addition, a common epistatic interaction was observed in the two populations, though in the 
RILs of B73 x B52 it was significant for sheath ADL and herein it was significant for stalk 
ADL. The locus on chromosome 1 (isu6) is involved in the interaction in both populations, 
while the loci on chromosome 5 are within 25 cM. That a large fraction of the QTL in 
common between the population herein and the RILs of B73 x B52 and that for the majority 
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of those common QTL the allele associated with increased CWCs is derived from the non-
873 parent suggests that genetic homogeneity for CWCs is present in B52 and De811. 
QTL for forage maize quality have also been observed in two studies using European 
germplasm. In the first study, Fg lines derived from two elite flint inbreds were top-crossed to 
two testers (producing TCI and TC2) and evaluated for six forage traits in whole plant 
samples, including ADF and metabolizable energy content (MEC; Lûbberstedt et al., 1997). 
Due to the high phenotypic and genotypic correlations between ADF and MEC (-0.99 and -
0.93, respectively) QTL analysis was only performed for MFC. The QTL for sheath and stalk 
ADF herein on chromosomes 1 (bnlgl598), 2 (umc8), 3 (rz543a and bnlg420), 4 (bnl7.65), 5 
(phi085 and bnlg609), 7 (bnl8.44), and 8 (bngll056) were also detected for MEC in TCI, 
while those on chromosomes 3 (rz543a and bnlg420) and 9 (isu3) were also detected for 
MEC in TC2. In the second study, RILs were evaluated per se and in top crosses for nine 
forage quality traits on a whole-plant basis, including NDF and ADL (Méchin et al., 2001). 
One QTL was detected for NDF in the top-cross, and it is within 25cM of a QTL herein for 
stalk NDF on chromosome 1 (isu6). No QTL were detected for NDF therein in the RILs per 
se, and the QTL for ADL in the top-cross and RILs per se were not within 30 cM of those 
observed herein. 
UDP-glucose pyrophosphorylase (UGP), invertase (INV), and sucrose synthase (SUS) are 
postulated to have significant roles in metabolism of UDP-glucose, a putative substrate of 
cellulose synthase (CS) in cellulose biosynthesis (Delmer and Amor, 1995), and QTL and 
candidate genes for these enzymes have been identified in maize on chromosomes 1,2,5,6, 
7, 8, and 9 (Preiss, 1982; Causse et al., 1995; Causse et al., 1996; Holland et al., 2000). The 
QTL for sheath NDF and ADF on chromosomes 2 (umc8 and phil27), 8 (bnl8.26), and 10 
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(npilOS and npi287) and stalk NDF and ADF on chromosomes 2 (umc34 and phi 127), 5 
(isu92) and 10 (npilOS) are within 25 cM of QTL for INV. Also, the QTL for stalk NDF and 
ADF on chromosomes 1 (csu691, umc33a, and isu6), and 5 (isu92 and bnlgl 18) are within 
25 cM of QTL for SUS. Several candidate genes, including shl and ess J (SUS), incw (cell 
wall-bound INV), ugp, and ZmCesA, are within 25 cM of QTL for sheath and stalk NDF and 
ADF (Tables 2 and 4). The detection of QTL in genomic regions associated with genes for 
enzymes involved in cellulose biosynthesis suggests that these genes affect variability for 
CWCs in this population. 
Some QTL herein may also be associated with enzymes that have pleiotropic effects on 
synthesis of CWCs, such as AGP (ADP-glucose pyrophosphorylase), SPS (sucrose 
phosphate synthase), HEX (hexokinase), and PGM (phophoglucomutase). The locations of 
QTL and candidate genes for these enzymes have been localized on all maize chromosomes 
except 7 (Causse et al., 1995; Causse et al., 1996; Prioul et al., 1999). AGP is a regulating 
enzyme in starch synthesis and consists of two subunits, coded by bt2 and sh2 in the grain 
and by agpl and agp2 in the embryo; in the leaf one subunit is coded by 12. SPS is involved 
in the synthesis of sucrose and has been positively correlated (0.42 <r< 0.89) with dry 
matter yield, and HEX and PGM are involved in the inter-conversion of sucrose and starch 
(Preiss, 1982; Rocher et al., 1989; Causse et al., 1995b; Prioul et al., 1999). The starch and 
cellulose biosynthetic pathways may be competing for sucrose in the cell, so variability in 
starch synthesis may affect cellulose synthesis. The QTL for sheath NDF and ADF on 
chromosomes 2 (umc8) and 10 (npilOS and npi287) are linked (within 25 cM) to QTL for 
AGP and those on chromosomes 2 (umc8), 4 (bnl7.65 and phpl0025), and 8 (bnlgl056) are 
linked to QTL for SPS. The QTL for stalk NDF and ADF on chromosomes 2 (umc34), 3 
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(bnl8.35 and bnlg420), 5 (isu92 and bnlgl 18), and 10 (npilOS) are linked to QTL for AGP, 
while those on chromosomes 1 (umc33a and isu6), 2 (umc34), and 4 (umcl 56) are linked to 
QTL for SPS. Candidate genes for AGP, SPS, HEX and PGM are also linked to QTL 
detected herein (Tables 2 and 4). CWCs were measured in g/kg DM herein, so an increase in 
the synthesis non-structural carbohydrates (e.g., starch) in the cell could affect the levels of 
CWCs in two ways: by decreasing the amounts of available carbohydrates for CWC 
synthesis, and by reducing the total fraction of the dry matter composed of CWCs. 
Only a few candidate genes for lignin biosynthesis are linked (within 25 cM) to main 
effect QTL for stalk and sheath ADL herein, including brown midrib (bmr) mutants, pal 
(phenylalanine ammonia lyase), sadl (shikimate dehydrogenase 1 ) and px3 (peroxidases ; 
Tables 3 and 5). The brown midrib mutants are associated with altered levels and 
composition of lignin in the plant, PAL is a regulatory enzyme in the lignin and flavanoid 
biosynthetic pathways, SAD1 is an enzyme in the shikimate pathway, the pathway preceding 
the lignin and flavanoid pathways, and px3 may be involved in the lignification process 
(Boudet et al., 1995; Herrmann, 1995; Whetten and Sederoff, 1995). The QTL for sheath 
ADL on chromosome 9 (isu3) is also approximately 30-40 cM from bm4 and the epistatic 
QTL for stalk ADL on chromosomes 1 (isu6) and 4 (umcl56) are linked to bm2 and bm3, 
respectively. That few candidate genes were linked to QTL for ADL compared to NDF and 
ADF is probably attributable to the low variability in this population. 
An understanding of the genetic basis of CWCs should be a powerful tool for improving 
the quality of maize forage. In this study, QTL for CWCs were observed on all ten 
chromosomes of the maize genome, and many are linked to QTL observed in F3 lines of the 
same population and other populations as well. While maize breeders are usually concerned 
with selecting for forage quality on a whole plant or stover basis, the tissue-specific 
expression of CWCs evident herein and in other studies dictates the need for evaluation of 
individual plant tissues in genetic studies. Some QTL herein were linked to candidate genes 
for enzymes directly involved in the synthesis of CWCs, such as cellulose synthase and 
sucrose synthase, or to enzymes implicated in other pathways of carbon metabolism such as 
starch synthesis. Most research on starch synthesis is focused on the developing kernels on 
the ear, but analysis of the stalk and sheath may provide some clues about the relationship 
between starch and cellulose synthesis, and how important a role each plays in determining 
the quality of forage maize. 
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Table 1. Means, variances, and heritbilities for cell wall components in the sheath and stalk of the RlLs of 
B73 x De81I in the mean environment 
Sheath Stalk 
Generation NDF ADF ADL NDF ADF ADL 
B73 Mean 586 306 26 557 311 40 
De811 Mean 625 350 28 685 415 53 
Mean 612 330 27 620 357 46 
RlLs 
Range 556-663 295-363 20-33 539-685 302-408 36-55 
LSD Parents2 11 7 2 15 12 4 
LSDRILs3 22 15 5 33 26 8 
384 176 2.7 775 421 8.6 
95% CI 312-482 144-222 2.0-3.8 627-982 340-534 6.5-11.9 
H2 0.93 0.93 0.67 0.91 0.90 0.68 
95% CI 0.92-0.94 0.91-0.95 0.56-0.77 0.88-0.92 0.87-0.91 0.60-0.73 
'in grams per kilogram dry matter 
2Parents = LSD for the difference between B73 and De8l 1 
3RILS = LSD for the differences among the recombinant inbred lines 
Table 2. Chromosomal location, estimates of effects, and partial R2 for QTL detected for sheath NDF and ADF 
in the mean environment 
Chrom. Genetic locus Effect* (g/kg DM) Partial R
2* 
Effect 
(g/kg DM) Partial R2 Candiate Gene(s)® 
Sheath NDF Sheath ADF 
1 phi097 2.5 6.0 
2 isul47 -3.9 6.1 -2.6 4.9 
2 umc8 6.0 13.5 2.5 7.0 agp2, incw2 
2 phil27 -4.5 6.8 mnl (incw2) 
3 rz543a 7.1 18.4 2.7 5.0 sps, hexl 
3 umc26 3.9 10.3 sps, bt2 
4 cdo520 2.6 5.7 
4 bnl7.65 -6.0 10.7 -4.5 15.2 
4 php10025 -3.7 5.7 
5 phi085 -3.7 5.3 -2.9 7.8 
allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait. All effects were 
significant at p < 0.01 in the main effect model 
* percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
9 sh6, shrunken, opaque, normal size kernel, like shl; adp5, ADP-glucose pyrophosphorylase homolog 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted 
for the number of parameters in the model. 
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Table 2. (continued) 
Chrom. Genetic locus Effect (g/kg DM) Partial R
2 
JgDM) ParUalR2 Candiate Gene(s) 
7 asg8 3.5 5.3 sh6 
8 bn!8.26 -3.7 11.7 bt2 
8 bnlgl0S6 -4.4 8.7 -3.0 8.6 sps 
9 isu3 10.4 31.5 4.7 16.6 sus 
10 npilOS 2.3 5.4 adp5 
10 umcl084 8.2 20.6 4.4 13.9 
Total adjusted R2* = 55% Total adjusted R2 = 55% 
Table 3. Chromosomal locations, estimates of effects, and partial R2 of QTL detected for sheath 
ADL in the mean environment 
Chrom. Genetic locus Effect* (g/kg DM) Partial R2* Candidate Gene 
1 csu691 0.3 4.7 
2 umc8 0.3 5.3 
3 rz543a 0.5 5.9 
3 umc26 0.5 7.2 
4 bnl7.65 -0.5 10.2 
5 bnlg609 -0.5 10.5 
7 bnlg398 0.5 10.7 
7 umcl68 -0.3 5.1 
8 bnlgl056 -0.6 14.9 
9 isu3 0.4 7.2 
pal homolog 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait. All effects were 
significant at p < 0.01 in the main effect model 
* percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed, 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted 
for the number of parameters in the model. 
Table 3. (continued) 
Chrom. Genetic locus Effect* (g/kg DM) Partial R2* Candidate Gene 
10 phi059 -0.6 6.6 
10 npilOS 0.7 9.7 sad I 
10 umc44 -0.5 9.0 
Total adjusted R* = 51% 
Table 4. Chromosomal location, estimates of effects, and partial R2 of QTL for stalk NDF and ADF in the 
mean environment 
Chrom. Genetic locus Effect* (g/kg 
DM) Partial R™ 
Effect (g/kg 
DM) Partial R
2 Candidate Gene(s)® 
Stalk NDF Stalk ADF 
1 csu691 10.3 28.5 5.4 15.2 sh2 
1 bnlgl598 5.5 7.4 3.6 5.5 12 
1 umc33a 8.8 16.0 6.4 18.5 12 
1 isu6 5.1 6.6 4.6 10.8 pgml 
2 isul47 -7.3 10.7 -6.8 16.9 
2 umc34 9.9 25.0 7.6 23.5 agp2, mnl (lncw2) 
2 phi 127 6.8 13.0 4.2 10.3 ugp 
3 bnl8.35 5.2 7.1 sps, hexl, bt2 
3 bnlg420 6.9 9.8 9.0 30.2 sps, bt2 
4 umcl56 -2.7 4.1 bî2 
4 umcl l l  -5.0 9.2 -3.5 8.2 
allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait. All effects were 
significant at p < 0.01 in the main effect model 
# percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
® adp5, ADP-glucose pyrophosphorylase homolog; glut, beta glucosidase (a cellobiase) 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted 
for the number of parameters in the model. 
Table 4. (continued) 
Chrom. Genetic locus Effect (g/kg 
DM) Partial R
2 Elr™fk8 hrti.m1 DM) Candidate Gene(s) 
5 isu92 6.6 12.6 6.0 18.3 bt2, pgm2 
5 bnlg609 -3.6 6.6 bt2 
5 npi292 -4.9 4.7 bt2 
5 bnlgl 18 -6.3 8.4 -5.6 12.9 bt2 
6 phi 123 4.8 8.5 4.1 11.0 sh2 
7 bnl7.61 7.4 14.9 6.5 18.4 
7 bnl8.44a -6.4 12.1 -5.2 10.4 
10 npilOS 4.9 12.4 adp5, glu* 
Total adjusted R* = 70% Total adjusted R2 = 69% 
S 
Table 5. Chromosomal location, estimates of effects, and partial R2 of QTL for stalk ADL in the mean environment 
Chrom. Genetic locus Effect* (g/kg DM) Partial R
2* Genetic locus Partial R2* Prob. >F Candidate Gene 
1 umc33a 1.4 19.7 umc33a 7.3 <0.01 
2 phil27 1.0 13.2 phi 127 5.5 <0.01 
3 php20042 0.8 6.0 bnl8.35 4.0 <0.01 
5 bn!5.02 0.9 7.6 bnl5.02 2.9 <0.01 
5 bnllO. 12 -0.9 6.6 bnl 10.12 2.0 0.03 pal 
5 phi 128 -1.0 8.7 phi 128 4.2 <0.01 
6 bnl5.47 1.3 18.2 bnl5.47 9.3 <0.01 
7 umcl68 -0.7 5.4 umcl68 3.5 <0.01 px3 
9 bnlgl27 -0.6 4.6 bnlg 127 3.8 <0.01 
1 isu6 0.9 0.20 
isu6*phil28 3.0 0.03 
% allele from De811 is associated with an increase (+) or decrease (-) in the value of the trait. All effects were significant 
at p < 0.01 in the main effect model 
* percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed. 
& SS marker/SS total, where SS total = Type HI Sums of Squares for the full model under consideration 
'percentage of phenotypic variation explained by a model including all QTL as main effects and adjusted 
for the number of parameters in the model. 
Table S. (continued) 
Chrom. Genetic locus Partial R2* (g/kg DM) Genetic locus Partial R
2* Prob. > F Candidate Gene 
5 phplOOl? 1.0 0.17 
8 bnlgl 19 0.0 0.95 
phpl0017*bnlgll9 2.7 <0.01 
Total adjusted Ry = 46% Total R2 = 64% (Total R2 = 54% for model without epistasis) 
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CHAPTER 6. GENETIC CORRELATIONS AND ASSOCIATIONS OF QTL FOR 
CELL WALL COMPONENTS AND RESISTANCE TO STALK TUNNELING BY 
THE EUROPEAN CORN BORER (OSTRINIA NUBILALIS (HUBNER)) IN MAIZE 
(ZEA MAYS L.) 
A paper to be submitted to Crop Science 
Matthew Krakowsky1 and Michael Lee2 
Abstract 
Resistance to stalk tunneling by the European corn borer (ECB; Ostrinia nubilalis 
Hubner) in maize (Zea mays L.) has been correlated with concentrations of cell wall 
components in the leaf sheath and stalk. Evaluations of resistance to stalk tunneling and 
concentrations of neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid 
detergent lignin have been performed on F3 and recombinant inbred (RI) lines of B73 
(susceptible to ECB, low to moderate concentrations of CWCs) x De811 (resistant, high 
CWCs), providing an opportunity to assess the correlations and the associations between 
quantitative trait loci (QTL) for the traits. The genetic correlations with stalk tunneling in the 
F3 lines were low to moderate for sheath NDF and ADF and low for stalk NDF, ADF and 
ADL, but all correlations were not significantly different from zero in the RILs, indicating 
'Graduate Assistant, primary researcher, and author, Department of Agronomy, Iowa State 
University, Ames, IA 50011. 
2Professor and author for correspondence, Department of Agronomy, Iowa State University, 
Ames, IA 50011. 
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that those observed in the F3 lines may have been due to the environment or to linkage 
disequilibrium. Positive correlations between CWCs were observed in the RILs of B73 x 
B52, in concordance with the earlier reports and suggesting that CWCs are a plausible 
mechanism of resistance to stalk tunneling in other populations. Only quantitative differences 
in CWCs were measured herein, and qualitative modifications in the cell wall could still be 
correlated with resistance to stalk tunneling. 
Introduction 
The biological basis of resistance to stalk tunneling by the European com borer (ECB; 
Ostrinia nubilalis Hubner), a major pest of temperate maize (Zea mays L.), is not well 
understood. The borer normally has two generations per year in the U.S. Cornbelt, with the 
first generation feeding primarily on leaf tissue and the second generation feeding primarily 
on leaf sheath, shank and stalk tissue (Mason et al., 1996). Resistance to leaf feeding by ECB 
in temperate maize is usually conferred by the chemical 2,4-dihidroxy-7-methoxy-1,4-
benzoxazin-3-one (DIMBOA), but the chemical is not associated with resistance to stalk 
tunneling as the concentrations decrease as the plant matures (Klun et al., 1967; Klun and 
Robinson, 1969; Klun et al., 1970). One possible mechanism of resistance to leaf sheath and 
stalk feeding is increased concentrations of cell wall components in the sheath and stalk. 
Elevated levels of fiber and lignin have been positively correlated with resistance to stalk 
tunneling by ECB (Rojanaridpiched et al., 1984; Coors, 1987). The BS9(CB) population was 
developed for use in a recurrent selection program for resistance to both generations of ECB 
(Klenke et al., 1986). Highly significant linear responses were observed for leaf sheath 
neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) 
over four cycles of selection in BS9(CB) in all environments, indicating a possible genetic 
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association of these constituents with stalk tunneling (Buendgen et al., 1990). B73 x De811 
Fg lines were also analyzed and negative correlations were observed between ECB tunneling 
and concentrations of NDF, ADF, and ADL, and heritabilities for all cell wall components 
(CWCs; H2 > 70%) were within the range of the heritability for resistance to stalk tunneling 
(74%). However, in WFISIHI (high fiber concentrations) and WFISILO (low fiber 
concentrations), significant differences were observed between the populations for CWCs but 
not for stalk tunneling (Buendgen et al., 1990). In order to further clarify the association 
between CWCs and stalk tunneling, selection for CWCs was performed in BS9(CB) cycle 2 
(BS9(CB) C2), WFISILO, and WFISIHI to produce BS9(CB) C2-Lo and WFISILO CO, CI 
and C2 (selected for lower concentrations of CWCs) and BS9(CB) C2-Hi and WFISIHI CO, 
CI and C2 (selected for higher concentrations of CWCs; Ostrander et al., 1997). Selection 
for BS9(CB) C2-Lo and WFISILO resulted in increased ECB damage, but selection for 
higher concentrations of CWCs did not consistently result in lower damage ratings. BS9(CB) 
C2-Hi differed significantly from BS9(CB) C2-Lo for CWCs and ECB damage but selection 
in WFISIHI for increased CWCs did not lower ECB damage. These results suggest that 
selection for low CWCs may increase susceptibility to second-generation ECB and, 
conversely, selection for ECB resistance may adversely affect the nutritional value of maize 
harvested as silage (Ostrander et al., 1997). 
Concentration of CWCs and resistance to stalk tunneling are considered to be quantitative 
traits, meaning they are under the control of a few to many genes, each with various effects 
on the phenotype (Falconer and McKay, 1996). Quantitative trait loci (QTL), regions of the 
genome that is associated with effects on quantitative traits, have been mapped for resistance 
to stalk tunneling and CWC concentrations in F3 and recombinant inbred (RI) lines of B73 x 
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De811. B73 is susceptible to ECB tunneling and has low to intermediate concentrations of 
CWCs, while De811 is resistant and has high concentrations of CWCs. Comparisons of 
locations and effects of QTL for stalk tunneling and CWCs should provide a better 
understanding of the relationship between these traits in these populations, and the results 
herein can be contrasted with those observed in RI lines (RILs) of B73 x B52, which were 
evaluated for the same traits. 
Materials and methods 
Phenotypic data 
The materials and methods have been described in previous papers (Krakowsky et al., 
2002a, 2002b, 2002c, and 2002d). Briefly, 150 Fs lines of B73 x De811 and two entries each 
of B73, De811 and the Fi were planted in a 12 x 13 simple lattice design with two 
replications each in three environments: the Agronomy and Agricultural Engineering 
Research Center (AAERC) near Ames, IA in 1989 and 1990 and the Iowa State University 
Research Farm near Ankeny, LA in 1990. Stalk tunneling was evaluated at all three 
environments and CWCs only in the two 1989 environments. The 200 RILs and five entries 
each of B73 and De811 were planted in a 14 x 15 alpha lattice design with two replications 
each at the AAERC and the Hinds farm near Ames, IA in 1998 and with four replications at 
the AAERC in 1999. Soil fertilization, weed control, and cultivation practices were 
consistent with optimum maize production for this region. Stalk tunneling and CWCs were 
evaluated in all environments. 
Evaluation of stalk tunneling. In all experiments, six plants in each plot were artificially 
infested with ECB larvae when 50% of the entries in the experiment had reached anthesis. 
Anthesis was defined as three of the six plants in a plot shedding pollen. For the F3 lines, 
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larvae were applied at four infestation points: the primary leaf axil, the first and second leaf 
axils above the primary ear, and the first leaf axil below the primary ear. Larvae were applied 
to each plant for six consecutive days for a total of650 larvae per plant. For the RILs, larvae 
were applied at three infestation points: the primary leaf axil, the first leaf axil above the 
primary ear, and the first leaf axil below the primary ear over three or four days for a total of 
300 larvae per plant. In all experiments, the stalks were split and tunneling was recorded to 
the nearest centimeter for each of the six plants approximately 60 days after infestation. 
Evaluation of cell wall components. For the F3 lines, leaf sheaths and stalks were 
sampled from the two intemodes above and one intemode below the primary ear from six 
plants per plot when approximately 50% of the plots in an experiment had reached anthesis. 
For the RILs, leaf sheaths and stalks were sampled from the three intemodes above and one 
intemode below the primary ear approximately one week after 50% of the plots in an 
experiment had reached anthesis. All samples were dried for one week at 60°C and scanned 
using NIR spectroscopy, and prediction equations were developed using data collected from 
a subset of samples analyzed using the Van Soest detergent method. NDF, ADF, and ADL 
were measured in grams per kilogram dry matter (DM). 
Analysis of phenotypic data 
For each trait and entry, least square means (Ismeans) were calculated with complete and 
incomplete blocks as random effects and entries as fixed effects for each environment 
(Cardinal et al., 2001). Environments were also treated as random effects when calculating 
Ismeans for the mean environment. These means were used for the QTL analysis. Means of 
the two parental lines were calculated as the average of the Ismeans of the five entries in each 
environment. Genotype, genotype x environment, and error variance were calculated with 
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environments, complete and incomplete blocks, and entries and the entry x environment 
interaction as random effects (Cardinal et al., 2001). Broad-sense heritabilities on an entry-
mean basis and their exact confidence intervals were calculated according to established 
procedures (Knapp et al., 1985; Fehr, 1987). Genotypic correlations (rg) were calculated 
using PROC GLM considering entries and environments as random effects (SAS Institute, 
Inc., 1999). 
QTL detection 
Genetic maps consisting of 88 restriction fragment length polymorphism (RFLP) loci for 
the F3 lines and 113 RFLP and 33 simple-sequence repeat (SSR) loci for the RILs were 
developed as described (Krakowsky et al., 2002a, 2002c). QTL were detected using PlabQTL 
(Utz and Melchinger, 1996), which employs composite interval mapping (Jansen, 1993; 
Jansen and Stam, 1994; Zeng, 1994). The LOD threshold value of 2.5 (default value) was 
used to declare the presence of a QTL. All QTL were then integrated into a model using the 
"seq/s" option in PlabQTL. Model selection was performed using forward and backward 
stepwise selection. If the Aikake Information Criteria (AIC) values of two models differed by 
less than 2.0, the model with the fewest parameters was chosen (Jansen, 1993; Cardinal et al., 
2001). 
Results and discussion 
Genetic correlations between stalk tunneling and CWCs in the F3 lines of B73 x De811 
were reported previously (Beeghly et al., 1997). The highest correlations were observed for 
sheath NDF and ADF (-0.28 and -0.33, respectively), with low correlations observed for 
stalk NDF, ADF and ADL (-0.11 to -0.19). These correlations indicate that selection for 
increased concentrations of CWCs may lead to increased resistance to ECB, but the expense 
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of screening for CWCs would likely outweigh any benefits that could be gained by this 
indirect selection. Of greater significance is the possibility that selection for ECB resistance 
may reduce the nutritional value of the maize silage (Beeghly et al., 1997). The genetic 
correlations of stalk tunneling with sheath NDF and ADF (-0.03 (Standard error (S.E.) = 
0.08) and -0.01 (S.E. = 0.07), respectively) and stalk NDF and ADF (0.08 (S.E. = 0.1) and 
0.08 (S.E. = 0.1), respectively) in the RILs of B73 x De811 are lower than those observed in 
the F3 lines and are not significantly different from zero. Correlations with sheath and stalk 
ADL could not be calculated (Krakowsky et al., 2002d), but the low variability for ADL in 
this population would likely preclude an association with resistance to stalk tunneling. These 
data suggest that the associations between stalk tunneling and concentrations of CWCs 
observed in other studies (Buendgen et al., 1990; Beeghley et al., 1997; Ostrander et al., 
1997; Cardinal, 1999) do not exist in this population or are strongly associated with 
environmental factors. CWCs were only evaluated in the F3 lines at two locations in one 
year, potentially confounding the effects of environment. It is also possible that resistance to 
stalk tunneling and increased concentrations of CWCs are correlated in the F3 lines because 
both were derived from De811 and had not assorted independently during the development 
of the lines, and the association was dissipated during the additional meioses (and 
recombination) that occurred during the development of RILs. 
Seven and fourteen QTL for stalk tunneling were observed in the mean environments 
for the F3 and RI lines of B73 x De811, four and twelve of which, respectively, are linked to 
QTL for CWCs (Figures 1 and 2). The expected relationship between the QTL (increased 
concentrations of CWCs associated with resistance to stalk tunneling) was observed for only 
two and six of the stalk tunneling QTL in the F3 lines and RILs, respectively. If all QTL were 
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equal in effects, the expected genetic correlations between stalk tunneling and CWCs would 
be approximately zero for both populations, and this was observed in the RILs but not the F3 
lines. The two stalk tunneling QTL in the F3 lines which had negative correlations with 
CWCs were associated with larger partial R2 values (24.7 and 12.7%) than the two for which 
the correlations were positive (8.2 and 9.4%; Krakowsky et al., 2002a), and this may explain 
the observed genetic correlations. In the RILs the partial R2 values are fairly evenly 
distributed between stalk tunneling QTL associated with increased and decreased levels of 
CWCs, in concordance with the lack of correlation between the traits. 
The RILs of B73 x B52 and B73 x De811 were evaluated at the same locations in 1998, 
and this provides an opportunity for comparisons that are less biased by environments and 
genetic heterogeneity. The genetic correlations for stalk tunneling with sheath NDF and ADF 
and stalk NDF and ADF in the RILs of B73 x B52 are -0.33, -0.44, -0.37, and -0.44, 
respectively, much higher than those observed herein, indicating that CWCs are more highly 
associated with resistance to stalk tunneling therein than in B73 x De811. The differences in 
correlations between the studies are somewhat unexpected since the five of the nine QTL for 
stalk tunneling in the RILs of B73 x B52 were linked (within 25 cM) of QTL for stalk 
tunneling in the RILs of B73 x De811, indicating that common mechanisms of resistance to 
stalk tunneling exist in these two populations. But, considering that those QTL only represent 
about one-third of the total observed herein, and that the correlations between stalk tunneling 
and CWCs in the RILs of B73 x B52 are low to moderate, other factors are also contributing 
to the resistance observed in B52, and perhaps these other mechanisms are in common with 
De811. 
158 
The absence of a correlation between resistance to stalk tunneling and concentrations of 
CWCs does not exclude other potential associations between CWCs and stalk tunneling, as 
possible associations between qualitative cell wall modifications and resistance to feeding by 
insects have been reported. Resistance to leaf feeding by the fall armyworm (Spodoptera 
Jrugiperda (J.E. Smith)) may be correlated not only with concentrations of hemicellulose but 
also with the architecture of the cell wall, with hemicellulose from resistant germplasm 
displaying a higher degree of cross-linking than that from susceptible germplasm (Hedin et 
al., 1996). Also, diferulic acid was negatively correlated (r = -0.77) with numbers of tunnels 
per stalk in BS9(CB) Cycles 0,2,4, and 5 (Bergvinson et al., 1997). Concentration and not 
composition of hemicellulose, cellulose and lignin were measured herein, and it is very 
possible that qualitative, rather than quantitative, differences in the cell wall could be 
associated with resistance to stalk tunneling. 
Low to moderate genetic correlations between stalk tunneling by ECB and concentrations 
of CWCs were observed in the F3 lines of B73 x De811, but the absence of correlations 
between these traits in the RILs suggests that the correlations in the F3 lines were either 
confounded by the environments used for evaluation or due to linkage disequilibrium that 
was dissipated during the development of the RILs. While a large fraction of the QTL for 
stalk tunneling were linked to QTL for ECB tunneling, the expected negative correlation 
between the traits not observed consistently, and the QTL appear to be associated at random. 
The moderate correlations in the RILs of B73 x B52 indicate that lack of correlation 
observed in the RILs herein is likely due to genetics and not the environment. Qualitative 
modifications of the cell wall may be important to the expression of resistance to stalk 
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tunneling, and further investigations along those lines may provide some clues as the nature 
of resistance to stalk tunneling present in inbred De811. 
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GENERAL CONCLUSIONS 
Seven QTL for stalk tunneling were detected on chromosomes 1,3,4, 5, and 8 in the 
Fa lines for the mean environment. De811 exhibits partial dominance for resistance to 
tunneling, but dominance effects were only detected for one QTL. In the RILs, fourteen stalk 
tunneling QTL were observed on nine chromosomes in the mean environment, four of which 
were also detected in the F3 lines. Both parents contributed alleles for resistance to stalk 
tunneling in both studies, though most, as expected, were derived from De811. The 
environment had a significant effect on the expression of resistance to stalk tunneling, as few 
QTL in the mean environments were also observed in all other individual environments in 
each study. Only one QTL in the F3 lines of B73 x B52 was also observed in the F3 lines of 
B73 x De811, while five QTL in the RILs of B73 x B52 were also observed in the RILs of 
B73 x De811. The relatively large fraction of QTL from the B73 x B52 RILs that are linked 
to QTL in the RILs herein is indicative of genetic homogeneity for resistance to stalk 
tunneling between B52 and De811, and the differences between the F3 studies could be due 
to population sampling. Despite the low correlation between resistance to leaf feeding and 
resistance to stalk tunneling by ECB in temperate maize, some QTL herein were linked (i.e., 
within 25 cM) to QTL for resistance to leaf feeding by S WCB and SCB in studies using 
exotic germplasm. Resistance to leaf feeding by ECB is usually conditioned by DIMBOA in 
temperate maize, but semi-exotic and exotic germplasm with resistance to leaf feeding by 
ECB and low levels of DIMBOA have been observed, and a common mechanism may 
provide resistance to stalk tunneling by ECB and leaf feeding by SWCB and SCB. Anthesis 
was negatively correlated with stalk tunneling in both studies, but the correlations were much 
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higher in the RILs, suggesting that environment may influence the effect of anthesis on stalk 
tunneling. 
QTL for stalk and leaf sheath NDF, ADF and ADL in the F3 and RI lines were detected on 
all chromosomes, and alleles for increased concentrations of CWCs are present in both 
parents. The number of QTL observed for each CWC in the F3 and RI lines was similar, and 
a large number of QTL were linked (i.e., within 25 cM) between the studies. Selection for 
altered levels of CWCs should be possible in B73 x De811, though the high genetic 
correlations between some CWCs may prevent selection for one while maintaining levels of 
another (e.g., selection for decreased stalk ADF will likely result in decreased stalk NDF as 
well). Tissue-specific clustering of QTL for CWCs has been observed herein and in other 
studies, and while maize breeders are usually concerned with selecting for forage quality on a 
whole plant or stover basis, these patterns of gene expression dictate the need to evaluate 
individual plant tissues in genetic studies. The biological basis of the clustering is unclear, 
but may be due to the interrelationships among CWCs; genetic variation may only exist for 
one component (e.g., cellulose), but the variation in that component directly affects variation 
in the others, since they are confounded by their quantification (e.g., ADF is a fraction of 
NDF) and their roles in cell wall synthesis. QTL from both studies were linked to candidate 
genes for enzymes directly involved in either synthesis of CWCs, such as cellulose synthase 
and sucrose synthase, or starch synthesis. The focus of starch synthesis research has been 
developing kernels, but many enzymes that have been studied in the ear may also be active in 
the stalk and sheath, and analysis of these tissues may provide clues about the relationship 
between starch and cellulose synthesis, and how important a role each plays in forage quality. 
This information could be useful not only for developing forage maize varieties with 
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increased digestible and decreased indigestible carbohydrates, but also for expanding our 
knowledge of starch and cell wall biosynthesis. 
The correlations between resistance to stalk tunneling and concentrations of CWCs 
reported in other populations were also observed in the F3 lines but not the RILs of B73 x 
De811, casting serious doubt on a genetic association between stalk tunneling and CWCs in 
De811. The correlations observed in the F3 lines were probably either confounded by the 
environment or due to linkage disequilibrium that was dissipated during the development of 
the RILs. While a large fraction of the QTL for stalk tunneling were linked to QTL for ECB 
tunneling in both studies, the associations appear to be random. The moderate correlations 
between stalk tunneling and CWCs observed in the RILs of B73 x B52 indicate that lack of 
correlation herein is more likely due to genetics than environment. Only quantitative 
differences in CWCs were measured herein, and qualitative modifications of the cell wall 
may be important to the expression of resistance to stalk tunneling. Further investigations 
into the qualitative modifications of the cell wall may provide some clues as the nature of 
resistance to stalk tunneling present in inbred De811. 
